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Foreword

The fact that active nuclei of galaxies are the sites of the highest macroscopic
energy densities is one of the major reasons for the attention attracted by the
field of AGN research. This was noticed when it was found that the enormous
amounts of energy radiated by the central engines vary on rather short time-scales,
implying via the well-known light-travel argument that the radiating volumes are
much smaller than the resolution limits of most ground-based telescopes.

Ever since this discovery, variability studies have not only offered, in effect, a
magnifying glass for the unresolvable scales, but also improved our understanding
of the processes that generate and reprocess the energy.

Although the basic phenomena of variability were already known in the early
1970s, progress in the field of variability studies was not as rapid as originally
hoped for. Two of the few completely new aspects that were discovered during the
first half of the 1980s were the extremely rapid flickering in the X-ray emission
of AGNs and the temporal variability of the morphology of the very central cores
observed with VLBL

In the very recent past, however, interest in variability studies has again in-
creased, triggered by empirical progress (both in the fields of observation and
mathematical analysis) and theoretical advances in the stability of geometrical
configurations (disks, jets, magnetic fields) and energy generation and reprocess-
ing mechanisms.

This led to the idea that a conference on the specific topic of variability might
be a timely one and ultimately resulted in the production of these proceedings.

All the various aspects of variability studies are intimately linked with each
other, making logical order a desirable but unrealistic goal. The order of the con-
tributions largely follows the order in which they were presented at the conference,
broadly dividing between line- and continuum variability, with observational re-
sults, methodological approaches and theoretical models accompanying each other.
The final part is devoted to the important aspect of propagation-induced variabil-
ity.

We are grateful to the speakers and posterauthors for sending in the written
versions of their contributions. Furthermore, we thank Drs. Klaus Meisenheimer,
Thomas Schmutzler and Rainer Wehrse, who helped us to organize this confer-
ence. The financial assistance of the Sonderforschungsbereich 328 of the Deutsche
Forschungsgemeinschaft and logistic help by its speaker, Prof. Appenzeller, are
gratefully acknowledged. Last, but not least, thanks are due to Mr. K. Anton,
Mrs. E. Bar, Mrs. M. Darr, Mr. J. Heidt and Mrs. B. Hoffmann for technical help

during the conference and in the course of assembling these proceedings.

Heidelberg, Wolfgang J. Duschl
December 1990 Stefan J. Wagner
‘ Max Camenzind
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Have All Questions Been Asked?

Peter L. Biermann

Max Planck Institut fiir Radioastronomie, Bonn, Germany

Abstract: My question will be specifically whether energetic neutrinos might play a
role in the broad emission line regions of Active Galactic Nuclei. I derive a possible
neutrino source from arguments about the heating of the circumnuclear dusty disk which
has recently been deduced to exist in most AGN. In normal quasars, the heating of
the circumnuclear dusty disk is an unsolved problem. I argue that a flux of relativistic
particles, protons and heavy nuclei, with a hard spectrum and an intensity comparable
to the flux in electromagnetic radiation is plausible. These particles can easily provide
disk heating. Such a flux of energetic particles also invariably leads to an increased flux
of neutrinos, with a hard spectrum and extending to very high energies. I note that stars
on the main sequence are optically thick to energetic neutrinos, with optical depths of
order unity or larger. Then I demonstrate, that a rather moderate flux of neutrinos, at a
level of only a few percent to a few tens of percent of the electromagnetic flux changes the
internal structure of low mass stars drastically. The stars expand, due to internal heating
and begin to look like subgiants or giants. Such stars, exposed to the strong external
flux of both electromagnetic radiation and relativistic particles then produce a wind, just
as has been argued already for a stellar component in a former compact binary system,
of which we now observe only a millisecond pulsar. These winds may contribute to the
broad emission line regions in quasars. In fact, the effect of neutrinos is so strong, that
it limits the lifetime of low mass stars due to mass loss; such lifetime arguments might
be usable to actually put limits on the neutrino flux in quasars.

1. Introduction

The organizers of this meeting asked me to start with a talk that would provoke
you, and so we settled on the title "Have all questions been asked?”. I believe it is
obvious that such a situation is unlikely ever to occur, since there will always be
questions that nobody thought of asking, or that were asked but nobody listened
to and took notice. Today I will try to provoke you by asking whether energetic
neutrinos might play a role in broad emission line regions. The answer, as I will try
to convince you, is that they might play an important role indeed, and to dismiss
their possible influence at the very least will be an interesting exercise.
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I start with some recent discoveries about normal quasars. Normal quasars were
thought to be usually radioquiet, or as is now known, at least very weak in their
radio emission (Kellermann et al. 1989); as a corollary it used to be accepted that a
large part of their emission is nonthermal, especially in the farinfrared (e.g. Edelson
and Malkan 1986). Since the discovery of the rather low level of mm-emission in
quasars (Chini et al. 1989a, b), originally reported at the Santa Cruz Meeting on
AGN m the summer of 1988, it has become commonly accepted, that not only
Seyfert galaxies (Edelson et al. 1988), but also quasars are dominated throughout
their infrared to ultraviolet emission by thermal processes (Sanders et al. 1989).
The argument rests to a large degree on the difficulty of understanding the sharp
turnoff from 100pm to 1.3mm wavelength together with the spectrum shortwards
of 100um; this spectral behaviour is readily fitted only with heated dust (Chini
et al. 1989a), although fairly complicated models based on nonthermal emission
have not totally been ruled out yet (de Kool & Begelman 1989, Schlickeiser et al.
1990).

Thus the only wavelength regions with any evidence of nonthermal processes
are the radiorange and, by virtue of Compton models, the X-ray range. I note
that the two well known examples of active galactic nuclei with strong hard X-ray
emission, 3C273 (Bezler et al. 1984), and Cen A (von Ballmoos et al. 1987) actually
show more luminosity in the hard X-ray range than at any other wavelength of the
electromagnetic spectrum; this has been observed, however, only at one epoch of
time. The conclusion that most the far infrared emission from quasars is actually
thermal brings immediately the question to the foreground of what can possibly
provide the heating, since at no other well observed wavelength range do we detect
emission which is suflicient.

However, due to the strong interstellar absorption at ultraviolet wavelengths
the UV /soft X-range is a possible candidate: It is commonly deduced from suitable
upturns of the emission both at the extreme observed hard UV as well as the
extreme soft X-ray range (Arnaud et al. 1985, Elvis et al. 1989, Reimers et al. 1989),
that there is an emission bump connecting these two upturns, which would then
dominate the entire emission by a substantial factor. This emission (Gondhalekar
1990) is the one that provides most of the heating and ionization in the normal
photoionization models for the broad emission line region. This bump is commonly
interpreted as emission from the innermost part of the accretion disk (Malkan
1983, Madau 1988, Band and Malkan 1989, Laor and Netzer 1989, Ulrich 1989,
Laor et al. 1990), dominating all other easily observable wavelength ranges; this
strong emission is energetically clearly capable of providing the heating for the
circumnuclear dusty disk.

The problem with such an interpretation is that the extended narrow emission
line regions observed in many active nuclei clearly outline a biconical radiation
field (Pérez-Fournon and Wilson 1990, Acosta-Pulido et al. 1990, Haniff, Ward
and Wilson 1991) which does not seem to be geometrically capable to strike the
disk anywhere; this difficulty could be circumvented by introducing a very strong
warp in the disk already at small distances from the nucleus (Sanders et al. 1989).
On the other hand, it is not clear at all that such extreme warps at distances of out
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to a hundred parsecs from the nucleus are really realistic. Also, it is difficult to see
how the radiation can be scattered out of its cone into the disk in such a manner
over the various radii from less than a parsec to several hundred parsecs as to emit
nearly equal luminosities in the range 100pm to about 12pm. In conclusion it is
not clear at all, from where the circumnuclear dusty disk obtains its energy which
is radiated so profusely in the far infrared:

Here we note that relativistic particles can help. Many current models to ex-
plain the X-ray emission involve a population of highly relativistic electrons. Since
it is normally much easier to accelerate protons and heavier nuclei than electrons,
we assume in the following that nuclei are accelerated in the regions above and
below, but close to the central part of the accretion disk. These energetic particles
are easily scattered in the plasma of the circumnuclear region above and below the
disk, so geometry becomes rather less relevant. A particle energy distribution with
an energy density similar to the other forms of radiation is common in normal
galaxies, be it our Galaxy or M82 (Kronberg et al. 1985, Schaaf et al. 1989), for
which it is well known that the emission is totally dominated by dust emission from
regions heated by hot stars, and yet the energy density of the relativistic particles
is close to that of thermal matter. The one crucial difference between galaxies like
M82 and the circumnuclear region of quasars is likely to be the spectrum of the
energetic particles, not the energy density ratio between relativistic particles on
the one hand and thermal radiation and thermal matter on the other.

We then introduce the hypothesis that indeed a spectrum of relativistic parti-
cles is produced in the innermost parts of quasars with a number spectrum near to
E~? in energy E. Biermann and Strittmatter (1987) demonstrated that based on
first order Fermi acceleration at shocks proton energies can be expected of about
101° (U/c)/vB GeV, where B is the magnetic field measured in Gauss and U/c is
the shockvelocity relative to the speed of light. The particles are assumed to have
an energy density similar to that of the UV radiation field to within a small num-
ber of powers of ten. An immediate consequence is obviously copious Gamma-ray
emission which is likely to be just detectable in bright quasars with GRO. Here
we want to pursue another argument: These relativistic particles produce a very
strong neutrino flux through their interaction both with the ambient photon field
as well as the thermal matter, again with a hard spectrum, and also of an energy
density similar to that of the particle flux. The energies of these neutrinos extend
to many powers of ten beyond the TeV range (Biermann 1989); from a single in-
teraction of a proton with a photon of suitable laboratory energy neutrinos emerge
with an energy of a few percent of the primary proton energy, while the proton
can undergo many such interactions.

These neutrinos in turn may exert a strong influence on low mass stars which
should be rather abundant in the innermost regions of quasars, producing the
gravitational well in the distance range of parsecs to hundreds of parsecs, if not
something else. It is known from compact X-ray binary and millisecond pulsar
explorations that neutrinos can influence the structure of stars (Gaisser et al. 1986,
1987). Based on these ideas J. MacDonald, T. Stanev from Bartol and I explored
the consequences of such a.neutrino flux on low mass stars. In the following I will
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summarize the results of our investigations (MacDonald, Stanev and Biermann
1990) and related arguments. In section two I will report on the influence of the
neutrinos on the internal structure of stars, and in section 3 I will describe what
effect these changed stars may have in the core environment of quasars.

2. The influence of neutrinos on the structure of low mass
stars

We note first that the interaction cross section of neutrinos with matter is given

by

0y = 0.7-107%%E, /{1 + (E, Jew)In(E, /50GeV )}

where the cross section is given in cm? and E, in GeV (Gaisser and Stanev 1985);
ew is 3.5 TeV. At 3.5 TeV this cross section has its maximum with the value of
5.10~38 cm?, which corresponds to a column density of about 4-10'! g/cm?. H.C.
Thomas (priv.comm. 1988) has kindly calculated the column density through var-
ious stars. Main sequence stars have the following column densities in the same
units through the center and through an offcenter distance of 20% of their radius,
respectively: 2.4-10'% and 1.0-10'2 for a 1 solar mass star, 2.1-10*% and 0.8-10'2 for
a 3 solar mass star, 1.2-10'% and 0.67-10'? for a 10 solar mass star, and, finally,
0.85-10'2 and 0.54-10'2 for a 30 solar mass star. For giant stars I compare the col-
umn density through the center and at 10~ of their radius: The column densities
are then 4-10'* and 1.5-10!! for a 1 solar mass red giant, 3.3-10'% and 1.2:107 for 5
solar mass red supergiant, and, correspondingly, 3.9-10'* and 4-10° for a 25 solar
mass red supergiant. It follows immediately that main sequence stars are optically
thick to energetic neutrinos at energies beyond a few TeV through most of their
mass, while red giants, albeit optically thick right through their center, have a
small cross section. It ensues that neutrinos can influence the internal structure of
a star by their energy deposition.

The question is then what neutrino fluxes to explore. We used the UV fluxes
given by Gondhalekar (1990) of 10° to 10'* erg/cm?/sec, which bracket most
observed cases, as our reference, and explore the same range in fluxes for neutrinos.
The calculations then span a range of stellar models of zero age of 0.25, 0.5, 0.8
and 1.0 solar mass, and produce generalized main sequences with the neutrino
flux as a parameter. The results demonstrate that for increasing neutrino fluxes of
101® to 10! erg/cm?/sec the stars expand, first become bluer and brighter, and
then, for yet higher neutrino fluxes move to the red giant region. It is instructive
to compare the internal structure of an evolved 0.8 solar mass star with that of a
zero age 1 solar mass star exposed to a neutrino flux of about 3:10'2 erg/cm?/sec.
This comparison shows that the neutrino heating has taken over completely the
task of providing the stars’ luminosity and that the central regions of the star have
expanded such as to lower the central density, for example, by eight powers of ten.
The structure of the neutrino heated star resembles rather well the outer layers
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of the evolved star. Thus the binding energy of the surface layers is substantially
reduced and prone to external influences. This bloating of stars due to neutrinos is
drastically different from that done by electromagnetic radiation (Edwards 1980,
Penston 1988, Voit and Shull 1988, Tout et al. 1989) because neutrinos act from
the very central region of the star. Using then the prescription of van den Heuvel
and van Paradijs (1988) of how an external hard radiation field can cause a wind
to develop, we can calculate the mass loss due to heating of the outer layers by
an effective flux of hard photons and energetic particles F.;.s¢; the time scale to
mass loss is then given by

7 =(GM*)/(nR*Foic55)

This timescale, to take a 0.25 solar mass star as one example, is about 2-107 years
for a neutrino flux of only 10!° and an effective particle and hard photon flux of
3-10'! erg/cm?/sec. This relation is derived by setting the energy loss due to a wind
at surface escape velocity equal to the effective energy gain. This demonstrates that
at only 3% of the effective electromagnetic flux the neutrino flux can have a drastic
influence by expanding the star and so making it prone to mass loss.

3. The possible effect on the broad emission line region

What is then the relevance of stellar winds for the broad emission line region?
Recently the idea, that the emission lines are due to stellar winds (e.g. Mathews,
1983) has again found interest (Scoville and Norman 1988, Kazanas 1989); the
old argument against this, that compact binary stars do not show related effects
(Verbunt et al. 1984) is superseded by the observation of millisecond pulsars and
their possible history (Kluzniak et al. 1988, van den Heuvel and van Paradijs 1988,
Grindlay and Bailyn 1988). If this idea should turn out to be the correct under-
standing of the broad emission line region, then it becomes of interest to study the
origin of stellar winds. It is in this context that we have studied the possible origin
of stellar winds above; with a sufficient flux of energetic neutrinos all low mass
stars may have winds, and so there is a very large number of stellar candidates,
since low mass stars are usually the most abundant stars. We summarize:

1) Given a sufficient flux of energetic neutrinos low mass stars turn off their
nuclear reactions and no longer change their internal chemical structure.

2) The stars become red giants or subgiants to outward appearances, with loosely
bound envelopes.

3) External hard radiation readily generates a wind in these envelopes.

4) Stellar evolution becomes dominated by stellar mass loss.

5) Low mass stars, being the most sensitive, move off the main sequence due to
the neutrinos, and so the main sequence population is peeled off from the low
mass end.

6) The stellar winds, thus caused, may be the origin of the observed broad emis-
sion lines under the influence of the ultraviolet radiation field.
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7) Given this model it may become possible to constrain the neutrino flux in
quasars, and thus, possibly, rule out the importance of energetic neutrinos
altogether. This would also be an interesting limit.

8) We have not even tried to speculate on the evolution of a stellar cluster under
the influence of steady mass loss from the stars, with emphasis on the low
mass end of the stellar distribution.

Thus, in conclusion, I hope to have provoked you into thinking that, maybe,
neutrinos are relevant after all for the physics of the broad emission line region.
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Line and Continuum Variability in
NGC 4151

M. A. J. Snijders

Astronomisches Institut Tibingen

Abstract: We present results on the variability of the absorption lines, the emission
lines and the X-ray to optical continuum of NGC 4151. The ultraviolet and optical
continua vary together and the emission lines follow these continuum changes with delays
depending on the line studied. The strength of the absorption lines depends on the
continuum strength too but the variability pattern is rather complicated. When the
ultraviolet/optical continuum is bright there is no correlation with the X-rays. When
this continuum is faint the X-ray flux and the optical/ultraviolet continuum are strictly
correlated. Results from Principle Component Analysis of the IUE spectra are discussed.

1. Introduction

The Seyfert 1 galaxy NGC 4151 is the nearest and brightest Seyfert 1 galaxy
known. It is therefor the most extensively studied Seyfert 1 galaxy in the optical,
ultraviolet, X-ray and Gamma-ray regions of the spectrum. The results which I
am going to present are largely based on the work of an international collaboration
which has frequently observed the spectrum of NGC 4151 with the IUE satellite
(Boggess et al., 1978) and in addition has a large amount of nearly simultaneous
optical and X-ray data. Our main results have been published in Bromage et
al. (1985), Clavel et al.(1987), Clavel et al.(1990), Penston et al.(1981), Perola
et al.ts (1982), Perola et al. (1986), Ulrich et al. (1984), Ulrich et al. (1985) with
related results published by Fiore, Perola and Romano (1990), Gill et al. (1984),
Leech et al. (1987), Mittaz, Penston and Snijders (1990) and Penston et al. (1979).
The spectrum of NGC 4151 varies continuously in both the lines and the continuum
in the optical and in the ultraviolet regions and there is extensive material on the,
often very rapid, X-ray variability (eg Perola et al. 1982, 1986). Qualitative models
based on the assumptions that the optical and/or ultraviolet continua provide a
good idea of the state of the flux in the Lyman continuum and that this ionising
continuum drives the variability of both the Broad Emission Line Region (eg Ulrich
et al. 1984, Clavel et al. 1987, Clavel et al. 1990) and the absorption lines (Bromage
et al. 1985) give a good description of short term variability.
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I was asked to present results on the variability of the spectral lines of NGC
4151 but as two of my collaborators will present results on the emission lines too
(Clavel 1990, Ulrich 1990) I will start with a discussion of results on the continuum
variability as the line variability appears driven by the changes in the continuum
and insight in the continuum characteristics is essential for understanding the
behaviour of the spectral lines.

NGC 4151 is a key object. Most of the variability patterns observed in the
ultraviolet and optical continua and emission lines of NGC 4151 were later found
to occur in the spectra of other, fainter Seyfert 1 galaxies too. However as NGC
4151 is so near, cz = 990 km/sec, it is much easier obtain high quality results for
this object.

2. The optical, ultraviolet and X-ray continuum variability

While it has been clear almost from the beginning of the IUE observations that
the optical and ultraviolet spectral variability is very closely related (Penston et
al. 1981, Perola et al.1982) the connection between the optical and ultraviolet
spectra and the X-ray data is fairly complicated. When the source is bright in the
optical and ultraviolet there is no correlation at all with the X-ray flux (Perola et
al. 1982) but when the source is faint in the optical and ultraviolet the correlation
between the optical and ultraviolet continua and the X-ray flux is excellent (Per-
ola et al. 1986). When the source is faint the lagg (if any) between the UV /optical
continuum and the X-ray flux must be very small, it is certainly substantially less
then the 4 day spacing with which our simultaneous IUE and X-observations were
obtained. There is a very close correlation between the variability of the optical
and ultraviolet continua (Perola et al. 1982, Gill et al. 1984). The correlation be-
tween the emission line variability and the ultraviolet /optical continuum shows a
phase lagg due to the light travel time between the continuum emitting nucleus and
the material which emits the emission lines (Ulrich et al. 1984, Clavel et al. 1987,
Clavel et al. 1990). Analysis of these phase laggs will, in principle, give the distance
between the line emitting clouds and the continuum source through reveberation
mapping (Blandford and McKee, 1982). The major problem is to obtain observa-
tions at a reasonable, if possible equally spaced, frequency. In view of the short
variability time scale spectra should be obtained at least every 4 days and perhaps
every 3 or even 2 days (Clavel et al., 1990). During our 1979 observing campaign
significant variability in the CIV emission line and the ultraviolet continuum was
observed over periods of only 2 days (19, 21, 23 and 25 May 1979). A second
problem of a rather fundamental nature concerns the uncertainty in the derived
correlations and the physical interpreation of the various measured laggs between
lines and continua (Maoz and Netzer, 1989; Edelson and Krolik 1988).

In view of the very close relation between the IUE and the optical continua
it is possible to use optical observations to fill in gaps in the IUE light curve of
NGC 4151 without the need to use the highly oversubscribed IUE satellite. Un-
fortunately the Seyfert nucleus in NGC 4151 is at the low end of the luminosity
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distribution for Seyfert galaxies and consequently a substantial fraction of the de-
tected flux, in the apertures used for optical photometry, is due to stars and not
to the active nucleus (eg Penston et al. 1971). In addition the available optical
data were obtained with a variety of instruments and apertures. This requires for
the construction of a self consistent optical light curve the derivation and appli-
cation of both aperture and color corrections to the various sets of observations
(Gill et al., 1984). Our starting point are the two large sets of B-band photometry
obtained since around 1970 by Lyutyi and various co-workers using photoelectric
B-band photometry through a 27” aperture (eg Lyutyi and Oknyanskii 1988) and
the photographic B-band photometry at Royal Greenwich Observatory (Gill et
al. 1984, Snijders and Penston 1991). Both groups of photometry cover about 300
epochs and contain sufficient simultaneous observations to derive a magnitude de-
pendent combined aperture and color correction. Other shorter stretches of data,
covering parts of the last 22 years, for instance the data of Antonucci and Co-
hen (1983) for the period 1980/1981 and the FES optical magnitudes (Snijders
and Penston 1991), were then tied into the combined data base. The resulting
lightcurve (Snijders and Penston 1991) is shown in Fig. 1.

Fig. 1. together with the historical lightcurve of Lyutyi and Oknyanskii (1988)
shows a number of features not generally realised. First the deep minimum of 1981
(Ulrich et al. 1984, Antonucci and Cohen 1983) is far from unique. A photometri-
cally, reasonably well documented earlier minimum did occur in 1976 but none of
the minima between 1970 and 1980 was as deep as the later minima. The historical
light curve from Lyutyi and Oknyanskii shows that comparable, deep minima are
very rare. From 1984 to November 1988 NGC 4151 has been almost continuously
very faint. The only exception known is between November 1984 and March 1985
and even then the source was clearly fainter then in 1983 or the bright periods
from 1978 to 1980. Since November 1988 the source seems to be slowly increas-
ing in brightness. The only time, since IUE was launched, that the source was as
bright as during the early nineteen seventies was in April 1978 and the strength
and width of the high ionisation CIV emission doublet in April and May 1978
are impressive. Compared to the much longer light curve reconstructed by Lyutyi
and Oknyanskii (1988) from old photographic plates it is clear that the brightest
epochs from the period 1970-1980 are not partical bright at all and that the only
period the source was as faint as during the 1984 minimum did occur around 1910!
It should be realised that the magnitude scale used by Lyutyi and his colleagues is
about half a magnitude brighter than ours as their larger aperture includes more
starlight. We have no RGO magnitudes for really bright states of the nucleus, the
1945-1950 period for instance, and the necessary colour correction is consequently
not known. It is however worthwhile to remember a fact our collaboration learned
the hard way over the past 12 years of IUE observations: whenever the source was
observed at a fainter state than observed previously new phenomena were discov-
ered. It will be very interesting to obtain spectroscopy in a really bright state and
to see what happens than.
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Fig.1. The optical B-band lightcurve of NGC 4151 for the last 20 years. The position
of the 1976, 1981 and 1984 minima is indicated.

3. Variability of the ultraviolet spectra

In Fig. 2 we show 2 representative IUE short wavelength spectra of the source
in the bright (1 June 1979) and in the faint state (2 April 1984). Both spectra
are averages over all IUE spectra obtained on these two dates. There is actually
very little the 2 spectra have in common! The continuum between the SilV +0IV]
blend at 14004 and the NIV] 14864 line is virtually unaffected by lines over a 30A
stretch and a good measure for the continuum variability even when the source is
at the brightest stage observed during the IUE lifetime. The 14554 continuum is
a factor 9 brighter in the first spectrum and the bright state continuum is much
harder (eg Perola et al. 1982, Edelson, Krolik and Pike 1990).

On a first inspection of Fig. 2. the wealth of detail immediately draws attention.
A comparison with the, by now, extensive literature on the IUE spectra of Seyfert
1 galaxies confirms this (eg. Edelson, Krolik and Pike 1990; Clavel and Joly 1984;
Chapman, Geller and Huchra 1985). The large number of well defined high and low
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jonisation absorption lines (Bromage et al. 1985) is unique so far. The IUE spectra
of NGC 3516 are of lower quality and show fewer absorption lines (eg. Walter
et al. 1990). The excellent S/N of the low state spectrum makes many, in other
IUE Seyferts not detectable faint emission lines visible. In particular the weak
OI 13024 and CII 1335A emission lines, which are in the bright phases hidden
under the corresponding absorption lines are clearly present. While the absorption
lines appear to be absent in the faint state this is at least partly due to the low
resolution of these spectra. High resolution IUE spectroscopy during low states
(Leech et al. 1987, Leech et al. 1990) shows that absorption components are still
present in the detectable permitted lines: Ly-a, and the CIV and MglI resonance
doublets. The problem with the limited resolution of the IUE satellite in the low
resolution mode affects lines in the bright phases too. Bromage et al. showed that
their average bright phase Hell 1640A profile possibly contained an absorption
component and the excited fine structure absorption lines of Sill and Fell are
clearly visible on their mean high resolution spectrum. This makes detailed analysis
of the observed absorption lines rather difficult. For accurate numerical analysis of
the absorption HST data with improved resolution and S/N are required. There
is however one group of lines whose presence alone immediately gives a lower
limit to the density of the absorbing material. We definitly detect in the IUE
spectra absorption arising from excited metastable levels: CIII 1175A, Silll 1294-
1303A and Hel 2945A (Bromage et al. 1985). The presence of the CIII 11754
multiplet leads to a lower limit for the density in the absorbing region log(Ne) >
8.5. Anderson (1974) derived from optical spectroscopy of Hel absorption lines
log(Ne) > 6.0. A further problem in the analysis of the absorption lines are the
weak emission lines present on all faint state spectra. If these emission lines arise
partly in the Narrow Emission Line Region (NELR) they will be present in the
bright states as well and affect our equivalent width measurements noticably. Both
high and low resolution data show a blue shift of the absorption lines with respect
to the emission lines of up to 1000 km /s (Penston et al. , 1979, Bromage et al. 1985,
Leech et al. 1987).

The decline in the strength and the width of the emission lines when the ultra-
violet continuum declines is large and shows a noticable lagg with respect to the
continuum. The only lines not affected are the forbidden [OI1] 24704 and [NeIV]
2423A lines which are emitted only by the narrow emission line region. It affects
not only the permitted lines: Ly-a, CIV 1549A, Hell 16404, MglIIA and in the
optical the Balmer lines (Antonucci and Cohen, 1983) but also the intercombina-
tion lines. The effect is easiest to see from the NIV] 14864, line but OIV] + SiIV
at 1400A, OIII] 16634, NIII] 1750A and CIII] 1908A show the effect too.

The broad component of ”CIII]” is of particular interest: its apparent blue shift
and width are due to a blend with the Silll] 18924 intercombination line. As the
SiIll] and CIII] broad components have nearly equal strength the gas emitting
these lines must have a density intermediate between the critical densities of these
two lines, well in excess of the classical value of log(Ne) 9.5. This is however in
good agreement with recent work based on the size of the broad line region and
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the estimated ionization parameter which suggests higher densities too (eg. Clavel
et al. 1990).
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Fig. 2. IUE spectra for a representative high (1 June 1979) and a representative low
state (2 April 1984). The line identifications in the top row are for the emission lines and
those in the lower row are for the absorption lines.

4. Principle component analysis

The availability of a large number of spectra homogeneously reduced and on com-
mon wavelength and flux scales made a principle component analysis of the avail-
able IUE data possible (Mittaz, Penston and Snijders, 1990, hereafter MPS). So
far astronomers have mainly been guided by intuition in their search for physical
relations between the various variable components. A number of correlations, an-
ticorrelations and temporal relations between the various emission and absorption
lines and the continuum components have been proposed (eg Bromage et al. , 1985,
Clavel et al., 1987) but a systematic approach has been lacking. Principle compo-
nent analysis has long been used to determine common underlying factors in data



Line and Continuum Variability in NGC 4151 15

sets (eg. Murtagh and Heck, 1987). The aim is to obtain the minimum number
of independent, orthogonal components necessary for recreating the observations.
Each spectrum is considered as a vector with 1375 wavelength points and for ev-
ery epoch there is one vector. We search the correlation matrix of the spectra
for the eigenvectors and their eigenvalues after the mean of all the spectra has
been subtracted. The eigenvector with the largest eigenvalue represents the major
source of variability in the full data set and gives the first principle component.
The eigenvector with the second largest eigenvalue specifies the next largest source
of variability and the second principle component etc. Details concerning error es-
timates and the treatment of gaps in the data are given by MPS. MPS found that
the first 9 to 11 principle components, depending on the type of statistical criterion
used, appear statistically significant. While this shows that 9 to 11 independent
components are sufficient to describe the data it does not give clear information
on the nature of these components. Detailed analysis of the spectral eigenvectors
has to clarify this. While strongly reinforcing a number of known ideas about UV
variability derived from the normal way of studying the IUE spectra a number
of surprises show up. The well known correlations between continuum brightness,
spectral slope, the width and the strength of the strong CIV and MglI emission
lines and strength of the well known UV absorbtion lines (eg NV, CIV, SiIV, Mgll,
Fell and SilIl) are very clearly present in the first principle component. This first
component alone accounts for 53% of the variability (Table 3 in MPS). The three
first principle components together account for 76% of the total variability and the
last 6 to 8 components for the remainder. The complete absence of the forbidden
[NelV] and [OII] lines in all principle components, while they are strongly present
in the mean spectrum, is directly explained by the non-variability of these lines,
which are formed in the extended Narrow Emission Line Region (NELR). They
also serve as a powerfull check on the whole method and the accuracy of the data
reduction process. The presence of these lines in the principle components would
have been highly surprising and almost certainly have been due to errors in either
the data reduction or the way the principle component analysis was executed.

Among the surprises are the clear presence of strong broad bands of Fell emis-
sion in the first principle component between 2250A and 2650A and a weaker band
of Fell emission between 2900A and 3000AThe broad MglI wings from 27004 to
2900A might hide additional Fell emission. The perfect removal of a number of
strong narrow emission lines which do not vary makes Fell features for the first
time easy to distinguish.

The CII] 2326A and the CIII] 19084 intercombination features are both
strongly present in the mean spectra. The strong narrow component of the CII]
2326A multiplet is completely absent from the first and higher principle compo-
nents but a weak broad, variable CII| feature could be hidden in the local broad,
variable Fell band. The strength of the variable CIII] 1908A (and Silll] 1892A)
feature in the first principle component is a surprise. The variability of this line in
NGC 4151 has long been doubted (eg. Ulrich et al. 1984). The very strong narrow .
component from the NELR makes detection of the underlying weak broad variable
component difficult but since the work of Clavel et al. (1987) its variability can no
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longer be questioned. Nevertheless its strength and width in the first principle
component are unexpected.

Lastly there are the narrow, highly variable, features in the CIV line wings only
observed when the nucleus is in its faint state (Ulrich et al., 1985). The source
of these lines has been a long standing puzzle and the proposed mechanisms run
from possible emission from jets to unidentified but otherwise normal emission
lines. Their unusually fast variability generates problems for most models (Ulrich
et al., 1985) and the principle component analysis adds a second problem. These
lines are absent from all the lower principle components which describe the bulk
of the variable behaviour. However principle components 5 to 8 show a variety
of strong features at the wavelengths of these unidentified lines and very little
else (MPS). Or whatever physical mechanism is behind these emission features
is independent of the normal source of variability in the emission and absorption
lines. Unidentified but otherwise normal emission lines from the broad line region
are now rather unlikely.
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The Optical, Ultraviolet and X-ray
Variations in NGC 4151

Marie-Héléne Ulrich

European Southern Observatory, Karl-Schwarzschild-Str. 2, 8046
Garching bei Miinchen, Germany

Abstract: We propose two processes to produce quasi simultaneous UV /optical varia-
tions in AGNs: instabilities in the inner part of the disk and irradiation of the disk surface
by the variable X-ray source. We are led to this proposition by the quasi simultaneous
variations observed in the ultraviolet and optical ranges in NGC 4151. Such variations
are not consistent with the continuum in these wavelength ranges, being produced only
by accretion flow process, and therefore other components must contribute significantly
to the UV /optical flux.

1. Introduction

Since the launch of the IUE satellite in 1978, the ultraviolet spectrum of the Seyfert
galaxy NGC 4151 has been observed on 125 days. The observations were grouped
in campaigns lasting 15 to 60 days. Each campaign brought new results on the
many diverse aspects of the complex spectrum of NGC 4151 (Ulrich et al. 1990
and references therein).

Considering the large amount of data obtained by our group, I thought, at
the end of the latest campaign in April 1990, that we had reached a privileged
position where we could compare the results from the different campaigns, follow
the evolution of the nucleus on time scales of years rather than days, and identify its
permanent properties. I re-measured the 480 low dispersion spectra in a consistent
fashion and re-examined the results from the different campaigns. The results on
the continuum emission and the emission lines which emerge from this analysis are
presented and discussed in a forthcoming article by Ulrich et al. (1990) to which
no further reference will be made here. The present paper is a summary of the
results on the continuum.
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2. Results

2.1. The light curves

The light curve of the continuum at 1455 A is shown in Fig. 1 (top). In Fig. 1
(bottom) is plotted the light curve in the B band resulting from the photographic
monitoring of NGC 4151 conducted independently of the IUE observations by the
Royal Greenwich Observatory (Gill et al. 1984; Snijders 1990). The corresponding
histograms are presented in Fig. 2. Note that the UV observations were not con-
ducted at random since most were grouped in campaigns. The campaigns however
were scheduled without a priori knowledge of the state of the nucleus. The peak at
the left of Fig. 2 (UV continuum) corresponds to 2 extended campaigns (in 1981
and 1984) during which the nucleus was at a minimum.

2.2. Simultaneous optical, UV and X-ray observations

The Fine Error Sensor (FES) on board IUE provides measurements of the optical
flux through an unfiltered S20 photocathode. The conversion of the FES (Imhoff
and Wasatonic 1987) counts into erg cm™2 s™1 A-1 is uncertain by a constant
factor which we cannot determine because we do not have at our disposal an ab-
solutely calibrated optical spectrum of NGC 4151 taken during one of our IUE
observations. The contribution of the Balmer continuum to the FES flux is neg-
ligible. That of the rapidly varying wings of the emission lines is estimated to be
less than 20% (Boksenberg et al. 1975). Thus the observed variations of the FES
flux (see below) are caused by a variable continuum.

The flux in the optical (FES) band and in the UV at 3040 A and 1455 A is
shown in Fig. 3a,b for two recent campaigns. We note the good correlation between
the flux in these 3 wavelength ranges. The variations are simultaneous with our
time sampling of 4 to 5 days. The cross correlation between FES flux and the flux
at 1455 A for the campaign of 29 November 1988 ~ 30 January 1989 gives a delay
less than 2 days in either direction (Clavel et al. 1990).

The non-variable part of the flux (at least not variable on a time scale of a
year) has been evaluated from the data of 2-11 April 1984, the epoch of the lowest
observed minimum of NGC 4151. The flux in April 1984 was (in units of 1074
erg cm™2 s~1 A=1): 2 and 5.1 for the UV and FES flux respectively.

The modulation of the UV and optical flux defined by the ratio of the maximum
flux to the minimum flux measured above the values of April 1984 is as follows:

Table 1. Modulation of the UV and optical flux: fmin/fmax

Campaign Dec 84 — Jan 85 Nov 88 — Jan 89 Feb — April 90

UV (1455 A) 2.7 8.5 2.3
optical (FES) 1.7 1.9 1.3
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The modylation of the optical flux is always smaller than that of the UV flux even
after subtraction of the “pedestal” of April 1984. This difference points to the
presence in the FES window of a component which varies slowly with time (and
which was ~ 0 in April 1984). Fig. 4 gives the FES flux in function of the flux at
1455 A. There is a correlation between the two fluxes during each campaign, but
this correlation is not the same for these 3 campaigns.

The modulation and time scale of the optical flux (FES) variations in Fig. 3a
are consistent with those observed in a continuum window centered at 4735 A
by Maoz et al. during their ground based monitoring of NGC 4151 in the period
January — July 1988.

Simultaneous campaigns of observations of NGC 4151 in the UV and the X-ray
ranges have been conducted only during two periods: 7-19 November 1983 and 16
December 1984 — 2 January 1985. The results are plotted in Fig. 5 and 6 and
show that there is a remarkable similarity between the variations in the UV and
those in the 2-10 keV ranges (EXOSAT-ME observations: see Perola et al. 1986).
This correlation, on only 9 dates, could of course be a fluke; the probability of this
correlation being due to chance is 2.5 x 107% (Perola et al. 1986). We would like
to stress that simultaneous UV /X-ray observations or UV /optical observations
at other isolated epochs do not follow the relation defined by the data of 7-19
November 1983 and 16 December 1984 — 2 January 1985: The corresponding points
fall below and to the right (see Penston 1986). For example, the point representing
the simultaneous IUE/Einstein Observatory observations of 19-21 May 1979 is
plotted in Fig. 6 (Perola et al. 1982, 1986).

2.3. The UV spectral energy distribution

Two spectral indices @; and ay defined by f, o v~ were calculated between 1455
and 1715 A and between 1715 A and 3042 A respectively. For the calculations
of a; and ay the fluxes were corrected for the galactic reddening (Ep_y = 0.05;
Perola et al. 1986, extinction curve of Seaton 1979). The values of a; and a5 are
plotted against the flux at 1455 A in Fig. 7. The dispersion in a is large because of
the smallness of the wavelength interval in which it is calculated. We find a trend
for a; to increase when the continuum increases. This is however not statistically
significant. Dividing the values of f3(1455) into three intervals and calculating the
mean and o of oy in each interval gives the following results in the table below:

flux mean «; standard deviation
fr<6x 10 Merg cm™2 571 A~ .35 0.54
6<fon<12 -0.19 0.65
12 < fi 0.06 0.41

In contrast, az (which is shown alone on a different scale in Fig. 7, middle panel)
decreases when the continuum increases, a result which was already found by
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Perola et al. (1982). The different values and variability character of a; and ay
with f indicate that two different continuum components contribute to the flux
at 1455-1715 A and 1715-3042 A (Perola et al. 1982). In the first interval we are
probably seeing the thermal emission from an accretion disk. In the second interval,
the continuum flux may be due mostly to Fe II blends and Balmer continuum (e.g.
Wills, Netzer and Wills 1985) plus some contribution from the stellar population
near 3000 A.

Figure 7 (lower panel) shows a; and a2 during the large amplitude decrease
and increase of fy of 1988 December — 1989 January. We do not see any systematic
change of a; with fy.

The values of a; before and after October 1983 are shown with different sym-
bols in Fig. 7 (middle panel). The values after October 1983 fall systematically
below those of earlier epochs. This may be due to a genuine evolution of the spec-
trum. However no conclusion is reached here for the following reason: the data
after 1983 October come from the LWP camera for which we have applied no cor-
rection for sensitivity changes. If the sensitivity of the LWP camera were lower by
20% than the value assumed here, the spectral index as after 1983 October would
fall in the same range as before this date.

3. Discussion

It has been shown that the long viscous time scale of accretion disks rules out
that optical/UV variability in AGNs is caused by variable fuelling (Clarke 1987,
1988). Accretion disk instabilities in the inner region are however compatible with
the observed UV variability in NGC 4151 (Siemiginowska and Czerny 1989). We
suggest that the small high-temperature region which corresponds to such an in-
stability and which emits mostly in the extreme UV also contributes to the optical
flux through the low energy tail of its spectrum. In this case, one expects perfect
simultaneity between the UV and optical variations. The amplitudes of the vari-
ations in the optical and UV have the potential to give strong constraints to this
model.

Alternatively, the UV /optical variations could be due to the irradiation of
the disk by the variable X-ray source. Such a model has been proposed by Czerny,
Czerny and Grindlay (1986) for low mass binaries. We propose that, in some cases,
the X-rays can alter the distribution of temperature vs disk radius with respect
to that produced by a pure accretion flow process so that the disk surface can
produce the UV and optical continuum.

In this case, one expects the UV /optical variations to be correlated with the
X-rays variations. The X-ray data of 7-19 November 1983 and 16 December 1984
— 2 January 1985 (Fig. 6) are consistent with irradiation. [The effect of the X-ray
source on the disk surface has been considered by Collin-Souffrin and Dumont
(1990; see also Dumont and Collin-Souffrin 1990) but only as a source of heating
of the dense gas emitting the Fe II lines and the Balmer lines|.
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The correlation of Fig. 6 taken together with the “discrepant” data such as
those of May 1979 suggests to us that several processes contribute to the UV
emission. Periods when there is a good UV /X-rays correlation indicate that, at
this time, irradiation makes a major contribution to the UV flux. The absence of
such a correlation (with larger UV fluz levels than expected from the correlation)
would indicate that instabilities are the main cause of the simultaneous optical/UV
variations and that their effect masks any variations due to the X-ray source.

Clearly the relative importance of the two processes will define the optical/UV/
X-ray flux ratio as well as the regime of variabilities in these 3 energy ranges.
Furthermore other processes such as comptonization are likely to affect the energy
distribution and the variability characteristics.
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Abstract: We present new results from intensive monitoring campaigns of the Seyfert I
galaxies NGC 5548 and NGC 4151 with the IUE satellite which allow a reliable determi-
nation of the BLR dimension in these sources. Most of the gas is concentrated at about
12 1t-d from the continuum source in NGC 5548, and 4 1t-d in NGC 4151. Furthermore,
there is a gradient in the degree of ionization of the gas in NGC 5548, the latter increas-
ing inward. The picture is more complex in NGC 4151 because the density of the gas
also increases toward small radial distances. In NGC 4151, the line wings respond more
rapidly and with a larger amplitude than the “cores” (V < 3000 km-s~") to the contin-
uum variations, therefore implying that the velocity dispersion of the gas also increases
inward. A similar though shallower velocity gradient is also present in NGC 5548. The
red and blue part of the line profiles vary simultaneously in both galaxies ruling-out the
possibility that radial motions play a significant role in the velocity field of the BLR. The
continuum variations are simultaneous from ~ 1300 A to 5000 A to within +1 day. This
pattern is difficult to reconcile with models where the “big-bump” represents thermal
emission from an optically thick and geometrically thin accretion disk.

1. Introduction

For more than 20 years, it has been known that the fluxes of the continuum and
broad emission lines of active galactic nuclei (AGN’s) are variable. It was also
realized early that the broad emission line and continuum variations are closely
related, as would be expected if the gas responsible for these lines is photoionized
and heated by the continuum source. If photoionization is indeed the correct ex-
planation for the emission lines’ source of energy, the local response to changes
in the continuum flux takes < 1hr, but the line-emitting region is predicted to be
much larger: light-days to many light-years across, scaling.crudely as L'/2, where
L is the ionizing luminosity of the nucleus (Davidson and Netzer 1979). Therefore,
one would expect emission line fluctuations to follow continuum fluctuations, but
spread out and delayed by an amount comparable to the light travel time across
the emission line region,
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In principle, it is possible to deconvolve the emission line and continuum light
curves to infer the detailed structure of the emission line region (Blandford and
McKee 1982) It might be possible to obtain by this method the geometrical config-
uration and the run of physical conditions of the BLR gas as a function of distance
from the central source. Such a deconvolution would amount to a direct test of
the size prediction made by photoionization models. Not surprisingly therefore,
much observational effort has been recently devoted to the spectrophotometric
monitoring of active galaxies. However, most of these studies have suffered from
at least one of the following problems: inadequate temporal resolution, insufficient
span of observations, too many gaps in the time series, or low ratio of fluctuation
amplitude to measurement uncertainty.

A large consortium (see Clavel et al. 1991a for the list of 56 collaborators)
therefore initiated a program whose object was to circumvent all these problems.
The choice of the target (NGC 5548) was mainly driven by practical considerations.
A large apparent brightness, a long IUE observability window (eight months) and
a documented history of strong line and continuum variability were the main
selection criteria. For more than 10 years, a smaller group (see Clavel et al 1991b
for the list of co-authors) had been monitoring with IUE another bright Seyfert
I galaxy, NGC 4151. Important results had been achieved (Penston et al 1981;
Perola et al 1982; Ulrich et al 1984 and 1985; Bromage et al 1985; Clavel et al
1987), but until recently the luck had hardly been our side and the galaxy entered
a semi-quiescent state more or less each time we started monitoring it. In late 1988
however, we caught NGC 4151 during an episode of intense variability and were
able to follow it with an adequate temporal resolution through 2 large maxima
and 2 deep minima.

We report briefly here the results of these two monitoring campaigns. We con-
centrate on the essential results while the reader is referred to Clavel et al. (1991a
and 1991b) for details of the observing procedure and data analysis techniques.

2. The data

The nucleus of NGC5548 was observed at 60 different epochs in the low resolu-
tion mode (1000 km.s~!) and through the large apertures (10” x 20”) of the IUE
(Faelker, Gordon and Sandford 1987) spectrographs (1200~-3200 &) The continuum
was measured at 1350 A, 1840 A and 2670 A. We caution here that these con-
tinuum measurements unavoidably contain some emission line flux, in particular
the 2670 A flux 30% to 40% of which may in fact be due to Fell + BaC emission
(Wamsteker et al. 1990). We have measured the flux of the strong H LyaA1216,
CIVA1549 emission lines as well as that of the weaker MgIIA2798, CIII}A1909,
HelI\1640, SiIV+0IV]A1402 and NVA1240 lines. No evidence was found for vari-
ability on a time scale of a few hours. Hence, the 25 pairs of SWP spectra obtained
on the same day have been used to estimate the errors on the line and continuum
flux measurements.
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To investigate the behaviour of the line emissivity as a function of radial ve-
locity, we have divided the CIVA1549 emission line profile into three bins and
measured the line flux in each bin independently. Hereafter, these bins will be
referred to as the “core”, the “blue” wing and the “red” wing. The core contains
all the emission in the velocity range -3000 km.s~! to +3000 km.s~! from the line
peak, while the blue and the red wing includes respectively all the flux at velocities
smaller than -3000 km.s™! and larger than +3000 km.s™!.

The low luminosity Seyfert I galaxy NGC 4151 was observed at 19 different
epochs with the IUE satellite during the period November 29, 1988 to January
30, 1989. We measured the continuum at 1455 and 1715 A as well as the intensity
of the CIVA1549, CIII]A1909 and MglIIA2798 line. To quantify spectral variations,
we computed the continuum “hardness ratio” H/R defined as the ratio of Fy4s55 to
Fi715. Again, no evidence was found for variability (at the 3% level) on time scales
of a few hours. Hence, as for NGC 5548, the 14 pairs of SWP spectra and 8 pairs
of LWP spectra obtained on the same day have been used to infer the error on the
line and continuum flux at each epoch. We have also divided the CIVA1549 and
MglIIA2798 line profiles into a “core”, a “blue” and a “red” wing and measured
their intensity at each epoch. Immediately before each exposure, the ~ 5000 A
flux of NGC 4151 and NGC 5548 were also recorded with the FES star tracker on
board IUE through its 10" x 20" aperture.

3. Results
3.1. NGC 5548

The light-curves of the continuum in the different ultraviolet and optical bands
together with those of the strongest emission lines are shown in fig. 1. It is ob-
vious that significant changes were observed in each of the lines and continua we
measured. Table 1 summarizes the main characteristics of the variability for each
quantity: its mean value over the entire period of observations (in units of 10714
erg cm™2 s~ and 10~ erg cm™2 s™' A~ for the lines and continua, respec-
tively), the fractional variation F,,, defined as the ratio of the rms fluctuation to
the mean flux, and the ratio of maximum to minimum flux, R, qz.

The longer the wavelength, the smaller the amplitude of the continuum vari-
ations. Fy,, decreases gradually from ~ 0.30 at 1350 A, to 0.26 at 1840 &, 0.16
at 2670 A and 0.08 near 5000 A (FES). Since the variations are simultaneous in
all four bands, this implies that the spectrum becomes systematically bluer when
it gets brighter. The large dilution of the nuclear continuum by stellar emission
accounts for most of the reduced amplitude of the variations in the optical. Much
of the diminution in variability at the longer ultraviolet wavelengths is due to
dilution by relatively steady Fell and Balmer continuum (BaC) emission. In the
SWP, the full range of spectral index variations is Ao = 1.1 & 0.2, with r.m.s.
fluctuations Aa = 0.23. For comparison, the average reddening corrected spectral
index for a power-law fit to the SWP spectrum (F, « »~%) is {a) ~ 0.95. Blended
FeIl lines — provided their intensity does not vary more than that of MgII\2798 —
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Table 1. NGC 5548: variability parameters

Feature Mean Fyar Rmag A tpeah A teenter Imoe FWHM R

(days) (days)

Fi350 436 0.30 4.4610.53
Fis40 3.81 0.26 3.45+0.46 0 0 0.98 38
Fae70 249 0.16 2.30+0.25 0 0 0.97 40
FES 50.6 0.08 1.37+0.03 2 4 0.88 42
NVA1240 89.7 0.49 56.0+243 4 4 0.79 34
Hell + OIII] 640 0.23 3.96+1.70 4 10 0.67 40
CIVAl1549 718. 0.14 1.92+0.11 8 16 0.66 38
Lya + NV 556. 0.17 1.93+0.09 12 12 0.84 34
SiIvV+01V] 494 0.15 2.98+1.30 12 34 0.61 36
CIII]A1909 118.  0.09 1.86:+0.28 26 32 0.56 40
MgIIA2798 139. 0.05 1.31+0.08 ~34 to T2 0.46 72

account for variations of ~ 0.3 in the spectral index if their contribution amounts
to 10 % of the 1840 A continuum flux when it is minimum. The remaining change
in o could be due to genuine spectral variations of the underlying continuum (see
Wamsteker et al. 1990).

All the emission line fluxes also varied significantly. However, the amplitude of
these variations differs greatly from one line to the next. The high ionization lines
NV 1240 and HelIA1640 had variations whose amplitude was as great as or greater
than that of the short wavelength continuum, with Fy,, ~ 0.5 and 0.23 respectively.
Lines of intermediate ionization had lower amplitudes, with F,,, ranging from
0.09 to 0.17 for CIVA1549, CIIIA1909, LyaA1216, and SiIV+OIV]A1402. The
lowest ionization line in our data set, MgIIA2798, exhibited the lowest amplitude
fluctuations with F,,, =~ 0.05.

The overall resemblance of the continuum band and emission line light-curves is
striking. All three major events are clearly recognizable in most light-curves. There
are some noticeable differences however. For instance, during the second event,
the 1350 A continuum flux rose more rapidly than the LyaA1216 or CIVA1549
emission line flux and reached its maximum 10 to 15 days earlier. This suggests
that the variations of the lines are delayed with respect to those of the ultraviolet
continuum, as predicted by the photoionization models. To quantify this delay, we
computed the cross-correlation between the emission lines and the 1350 A (and
1337 A) continuum,. The results are also listed in Table 1 and the CC’s of the
continuum bands and of the Lya1216 and CIVA1549 lines are shown in fig. 1.

The uncertainty on the location of the maximum of these cross-correlations
arises from two sources: measurement error and incomplete sampling. The uncer-
tainty resulting from the measurement errors has been estimated by Monte-Carlo
simulation. It turns out to be small: €(At) = #0.13, and +0.17 days for the
strong LyaA1216 and CIVA1549 lines, respectively, while the weaker and noisier
HelIA1640 feature yields e(At) = +1.8 days. Unfortunately, there is no universally
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accepted prescription for estimating the larger uncertainty due to incomplete sam-
pling. An additional complication arises because the cross-correlations are broad
and smooth. To illustrate this difficulty, we have listed in Table 1 the position
of the peak of the cross-correlations as well as the position of its “center”. By
“center” we mean the average of the two lags at which the cross-correlation passes
through a level 0.3 below the peak. Taken together, these two give an order of
magnitude estimate of the characteristic delay timescale. Any difference between
them indicates the degree of skewness in the cross-correlation. The full-width at
half-maximum (FWHM) of the cross-correlation function can, in principle, provide
another estimate of the response timescale. If the line emission can be described
as a linear convolution of the continuum light curve with a response function,
the cross-correlation function is the convolution of the continuum autocorrelation
function with the response function. Any difference between the FWHM of the
line-continuum cross-correlation and the continuum autocorrelation would then
indicate the width of the response function.

The peak amplitude of the cross-correlation is substantial for all continuum
bands and emission lines. Only for MgIIA2798 does the correlation amplitude at
the peak fall below 0.5. It is clear from Table 1 that, within the uncertainties, the
continuum variations are simultaneous in all 4 bands, from 1350 A to ~ 50004.
It is also obvious that the characteristic delays are quite short for most emission
lines. Furthermore, there is a clear trend for the highest ionization lines to have the
shortest response time. For both HelIA1640 and NV 1240, the bulk of the cross-
correlation is found in the neighborhood of 4 — 10 days, while for CIVA1549 and
LaA1216 the range is 8 — 16 days. SiIV 21400 and CIIIJA1909 have cross-correlations
concentrated between 12 and 34 days, while MgIIA2798 is found from 34 to 72 days.
For comparison, analysis of the optical data by Peterson et al. (1990) shows that
the maximum of the cross-correlation for the Hy line occurs at a lag of ~ 24
days. Apart from MglII\2798, the cross-correlations presented here (as measured
by their FWHM) are not much wider than the continuum autocorrelation. This
implies that the line transfer functions are necessarily narrow.

Table 2. NGC 5548: CIVA1549 line profile variability

Component Mean Foar Rmaz AtPeak AtCenter Tmaz FWHM

(days)  (days) (days)
Blue wing 198  0.14 2204027  ---
Red wing 104 0.21 3.43+0.76 0 1 0753 19
Sum wings 302 0.16 2.34+0.20  ---
Line Core 415 0.14 1.77+0.06 2 3 0843 20

Table 2 summarizes the results concerning the CIVA1549 line profile in NGC
5548 and its variations. Here, we list the results of the cross-correlation of the red
wing versus the blue wing and of the line core versus the sum of the 2 wings. The
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latter is also displayed in fig. 2. The CIV line is asymmetrical, the blue wing being
twice as strong as the red wing on the average. More important is the fact that,
within the uncertainties of the CC techniques, the blue wing and the red wing vary
simultaneously. On the average, the core contains ~ 30% more flux than the wings
while the amplitude of variability is slightly larger for the wings than for the core.
The variations of the core are delayed by 2-3 days with respect to those of the
wings.

I Il[\l LI l L

1 1 [T ! '
. NGC 5548 ;~ CIVA1549 ]

Correlation Coefficient

=100 - =50 0 50 100
Lag (days)
Fig.2. NGC 5548: The cross-correlation of the CIVA1549 emission line core (—3000 <
AV < 43000 km.s™) with respect to the wings (AV > 3000 km.s™'). The auto-
correlation of the line core is also shown for reference (dashed line).

3.2. NGC 4151

The light-curves of the continuum in the different ultraviolet and optical bands
together with those of the strongest emission lines are shown in fig. 3. Table 3 sum-
marizes the main parameters which characterize the variability of the continuum
and of the emission lines in NGC 4151 during our observing run: the unweighted
mean flux (in units of 107*? erg.cm™2.5" for the lines and 10~'4 erg.cm~2.s~1.A~!
for the continuum), the reduced chi-square x?2 (calculated under the assumption
that the flux did not vary and remained equal to its average value), the fractional

variation Fy,, as defined previously, the ratio of maximum to minimum flux, Rnez,
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the two-folding time (Penston et al. 1981) i.e. the actual time it took for the flux
to increase (T'x21) or decrease (Tx2)) by a factor 2. When the amplitude of the
observed variation did not reach a factor 2, the figure for the two-folding time has
been put in parenthesis to indicate that it has a lower significance. There are no
entries for features with R4, less than 1.5. The last 4 columns of Table 3 char-
acterize the Cross-Correlations of the different continuum and emission lines with
F14s5. The CC’s of the CIVA1549 and MgIIA2798 emission lines are shown in fig.
3. As for NGC 5548, we list both the location of the peak of the cross-correlation,
A tpeqk, and the position of its centre, A teentre. Table 3 also lists the correlation
coefficient at the peak, rmaz, and the FWHM of the cross-correlations.

Table 3. NGC 4151: Variability parameters

Featu;'e Mean xi F-u,r Rm.a- Tx: T Tx: l ATplak ATunur Imar FWHM
(days) (days)  (days)  (days) (days)
Fiass 5.32 423 0.367 3.08+0.30 6.8+1.1 12.4+2.2 ree 23
Fains 4.08 110. 0.386 3.69+0.24 6.8+0.8 11.5+1.2 0 1.5 0.97 22
H/R 1.31 2.14 0.093 1.36+0.31 v -11.5 -15.5 0.821 22
FES 160.6 40.3 0.057 1.2440.01 vee e 1.5 3.0 0.79 25
CIVA1549 1657 98.0 0.218 2.30+0.08 21.3+1.7 22.2+1.4 2.5 5.0 0.89 26

MgIIA2798  26.5 6.4 0.122 1.46+0.13 (39£12) (64£17) 3.0 5.0 0.86 23
CIA1909 23.1 0.86 0.040 1.22::0.08

CIV core 828 235 0.119 1.5620.07 (50:£5) 6.0 1.0 0.89 28
CIV blue 462 99.1 0.202 3.1040.17 9.4+1.1 153%1.2 2.0 4.5 0.88 26
CIVred 370 161. 0.377 5.22+0.46 3.6£0.4 65406 2.0 45 0.93 26
CIV wing 831 123. 0326 3.73+£0.24 6.130.6 101408 2.0 45 0.91 26
Mgl core  17.8 4.3¢ 0.079 1.27+0.08 . . 4.0 5.7 0.87 24
Mgllblue 5.26 8.81 0270 2.37+0.47 9.1£3.0 23.246.1 2.0 45 0.89 24
Mgllred 3.38 1.00 0.157 1784054 (22+16) (27£18) 3.0 5.0 0.17 23
Mgll wing  8.64 3.64 0220 2.06+0.49 (16£6) 2310 3.0 45 0.87 23

The ultraviolet continuum underwent large variations during our observing run,
the flux changing by a factor > 3. To within the error, the amplitude R,,, and
the fractional variation Fy,, are the same at 1455 A and 1715 A. The two-folding
times at 1455 A and 1715 A — ~ 7 days for a rise and 12 days for a decline -

“are also equal. The dominant time scale of the variations — as measured by the
FWHM of the auto-correlation (AC) of Fi455 — is however larger, ~ 23 days.

The variations at 1455 A and 1715 A are perfectly correlated (rmqz = 0.97) and
simultaneous. The average continuum spectral index for the episode — as defined by
the mean “hardness ratio” H/R of Table 3 - is a = —0.36 (F, o v®), interestingly
close to the index of the polarized component of the optical continuum, o = —0.33
(Schmidt and Miller 1980). It also agrees well with the mean ultraviolet spectral
index from 1978 to 1983 (a = —0.19 £ 0.15; Clavel et al. 1987), showing that the
continuum shape remains remarkably stable, on the average, over time scales of
~ 10 years. On the other hand, the hardness ratio underwent small but significant
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Fig. 3. Right panel: the light curves of the different continuum bands and emission lines in
NGC 4151: from top to bottom: the 1455 A continuum, the CIVA1549 and the MgIIA2798
emission lines, the FES count rate, and the hardness ratio, H/R = Fi455/Fi715. Units are
107** erg cm™2 s™* A~? for the continuum fluxes, 10™*® erg cm™2 s~ for the lines, and
counts for the FES. The fluxes are represented with their associated errors. Right panel:
the cross-correlations of the CIVA1549 (top) and MgIIA2798 (bottom) emission line with
the 1455 A continuum. The auto-correlation function (heavy line) of the continuum is
also shown for comparison in the upper panel.
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(P(x%) > 2.14 = 3.107%) variations, during the 2 months which the present
campaign lasted. The spectral variations do not correlate with those of the flux
at zero lag, but they correlate strongly (rmq., = 0.82) if allowance is made for a
systematic delay of about -13 days. The fact that the delay is negative means that
the spectral changes actually precede the flux variations.

The optical continuum near 5000 A also underwent significant variations, but
their amplitude is an order of magnitude smaller than in the ultraviolet. Dilution of
the optical flux by stellar light - significantly stronger in NGC 4151 than in NGC
5548 — accounts for most if not all of the difference in amplitude between the two
wavebands. The variations of the 5000 A flux are well correlated and simultaneous
with those of the ultraviolet continuum.

The CIVA1549 and MglIIA2798 emission lines underwent significant variations.
By contrast, the flux of the CIII]A1909 feature remained constant to within the
accuracy of our measurements (P(x2) > 0.86 = 0.63). The CIVA1549 line showed
the largest variation with a fractional change nearly two-third that of the UV
continuum. By contrast, the MgIIA2798 flux varied by less than 50 %. Note that
the two-folding time of the CIV line, ~ 22 days, is only three times as large as
that of the continuum.

" The light-curves of the CIVA1549 and MgII\2798 lines are strikingly similar
to that of the continuum. If one looks carefully however, there are some notable
differences. For instance, the continuum was already fading when we first observed
it on November 29, whereas the CIV and MgII flux started to decline only 5 days
later. Similarly, whereas by December 20 (JD7516) the continuum had already
reached a minimum and levelled-off, the CIVA1549 line continued to fade until
December 31 (JD7527). This suggests that the lines respond with a delay to a
change in the continuum flux. The cross-correlation analysis (Table 3 and fig. 3)
confirms that the variations of the lines are perfectly correlated with (rmez = 0.9)
but lag behind those of the continuum. To within the uncertainty, the delay is the
same for the CIVA1549 and for the MgIIA2798 line, 4+3 days. For comparison, a
recent study by Maoz et al. (1991) yield a lag of 9 + 2 days for the Balmer lines
in NGC 4151. Given that both lines vary together and in the same sense as F 455,
but that the variations of CIV have a larger amplitude than those of Mgll, the
CIVA1549/MgII\2798 ratio is also variable (x2 = 6.4, Fyqr = 0.13) and positively
correlated with the continuum flux.

As outlined in our previous work, (Ulrich et al. 1984; Clavel et al. 1987), there
is a hierarchy in the widths of the three main UV emission lines in NGC 4151. The
CIIT|A1909 feature is the narrowest, with a FWHM of 1600 km.s~! and a FWZI
~ 3500 km.s~. The MgII\2798 is broader than CIII], its FWHM varying around
an average value of ~ 5000 km.s™. The CIVA1549 profile has about the same
FWHM as MglIIA2798, but it has much more prominent and extended wings which
are particularly strong during an outburst. For instance, during the maximum of
January 17 (JD7544), the Full-width at zero-intensity (FWZI) of CIV is ~ 30000
km.s~? whereas that of Mgll is only 20000 km.s™?

As can be judged from Table 3, the pattern of variability is quite similar for
the blue and for the red wings, both in the CIVA1549 and in the MgIIA2798
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line. Most important is the fact that the variations of the two wings appear to be
equally delayed with respect to the continuum variations. A direct cross-correlation
confirms that the variations of the red and the blue wings are perfectly correlated
(rmaz = 0.97 and 0.90 for CIV and Mgll, respectively) and simultaneous (AT =
0.343 days for both CIV and MglI). From Table 3, it is obvious that the bulk of the
CIV variations is carried by the wings: the fractional variation of the wing flux is as
large as that of the continuum, whereas the flux in the core only changes by ~ 50%.
Photionization model calculations show that the Narrow Line Region contributes
only for 3 % and 10 % to the total flux in the CIVA1549 and MgIIA2798 lines
respectively (Ferland and Mushotzky 1982). This is consistent with the upper limit
on the narrow CIVA1549 flux which can be derived from the few low signal-to-noise
ratio high resolution SWP spectra of NGC 4151 (Penston et al. 1979). Therefore,
the difference in the amplitude of variability of the wings and of the core cannot
be accounted for by dilution of the low velocity flux by constant NLR emission.
Moreover, the core of CIV responds to the variations of F'1455 with a delay of 6.54+3
days, significantly larger than the response time of the wings, 3.2+3 days. Identical
results obtain when the cross-correlation is performed against F,4,5 instead of
Fi455. Averaging the 2 estimates yields §(AT) = 3.2 + 3 days for the difference
in the delays of the core and of the wings of the CIVA1549 line with respect
to the ultraviolet continuum. A direct cross-correlation (rmqe = 0.98) confirms
that the core lags behind the wings by 2.5 £+ 3 days. This is clearly illustrated in
the wing versus core intensity diagram of fig. 4 where data-points corresponding to
contiguous epochs have been connected. The points describe clockwise “hysteresis”
loops, indicating that the variations in the core systematically lag behind those in
the wings. A similar pattern is present in MgIIA2798 line, but it is less pronounced
than for CIVA1549.

The average values of the CIV/CIII] and CIV/Mgll flux ratios were 7.2 and
6.3 respectively during our campaign. However, as already mentioned, these lines
ratios are highly variable and correlate positively with the continuum flux. Hence,
during an outburst they reach even higher values, e.g. CIV/CIII} = 11.04 0.5 and
CIV/MgII = 8.0 £ 0.4 on December 4, 1989. If we restrict our analysis to the
wings, the above line ratios become even much higher. The mean CIV/MgII flux
ratio for the wings is 9.6 but occasionally reaches values as large as ~ 14 during an
outburst. A conservative lower limit of 50 can be set on the CIV/CIII] ratio in the
wings from the absence of detectable CIII]A1909 emission at velocities larger than
~ 3500 km.s™!. For comparison, the mean CIV/CIII] ratio for Seyfert I galaxies
is ~ 5 (Wu, Boggess, Gull, 1983) and 2.5 for quasars (Wilkes, 1986) while for
CIV/Mgll, the corresponding figures are 3.7 and 2.8 respectively.
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Fig. 4. NGC 4151: the CIVA1549 wing versus core intensity diagram. Data-points which
correspond to contiguous epochs have been connected and the sense of time is indicated
by arrows. The points describe clockwise “hysteresis” loops indicating that the variations
in the wings precede those in the core.

4. Comparison between NGC 5548 & NGC 4151

4.1. Continuum

In NGC 5548, the typical amplitude of the continuum variability decreases with
increasing wavelength from 1350 A to 5000 A, making the continuum appear sys-
tematically bluer when it is brighter. While the strong Fell emission lines which
contaminate the long wavelength continuum accounts for much of the spectral
variation in the near UV, the changes in the spectral index below 1900 A may,
at least in part, represent a genuine property of the underlying continuum. This
contrasts with the case of NGC 4151 where the typical amplitude of the variabil-
ity is the same at 1715 A and 1455 A. It may be worth recalling here that, unlike
NGC 5548, NGC 4151 emits virtually no optical Fell lines flux at all (Boksenberg
et al. 1975). However, there appears to be genuine spectral variations of the UV
continuum in NGC 4151 as well, but the spectral changes seem to precede the flux
variations by about 13 days in this galaxy. In both galaxies, the reduced ampli-
tude of the variability at 5000 A is mostly the consequence of dilution by stellar
emission,
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In NGC 4151, the ultraviolet continuum can double its intensity in ~ 7 days.
The two-folding time appears to be somewhat longer in NGC 5548, ~ 20 days,
though on one occasion, the 1335 A flux dropped by a factor 3 in 16 days. In both
NGC 5548 and in NGC 4151, the continuum variations are simultaneous in all
ultraviolet and optical bands, from ~ 1350 to 5000 A. This sets strong constraints
on theories which aim at explaining the origin of the “big bump” in AGN’s, in
particular on the geometrically thin accretion disk models. In a thin disk, the
radius of the optical emitting region is much larger than that which emits in the
ultraviolet, and the two zones have no mean of exchanging information faster than
the sound speed. The corresponding time scale is orders of magnitude larger than
the upper-limits on the lag between UV and optical variations reported here.

4.2. Emission lines

In NGC 5548, the amplitude of variation of a given emission line is directly related
to the degree of ionization of its ion, the highest ionization lines NVA1240 and
HelI\1640 showing variations as large as those of the UV continuum, while the
lowest ionization line MgIIA2798 varies by 30% only. This contrasts sharply with
the case of NGC 4151 where there is no clear pattern connecting the amplitude of
variability and the ionization stage. However, in this galaxy as well the amplitude
is different for different lines, the CIVA1549 line having the highest fractional
variation (0.22) followed by MgIIA2798 (0.12) and the CIII]A1909 line which does
not vary on time scales from 3 days to 2 months.

In both galaxies, the flux of most emission lines correlate extremely well with
those of the continuum if allowance is made for a systematic short delay, lending
qualitative support to the view that photoionization by the nuclear continuum is
responsible for driving the emission lines. In NGC 5548, the delay of a given line
is a function of the degree of ionization of its ion, increasing from 4 days for the
HelIA1640 and NV 1240 lines to more than 34 days for MgIIA2798. Again this is
in sharp contrast with the case of NGC 4151, since in this object, the delay is the
same for the CIVA1549 and for the MgIIA2798 emission line - AT = 4 + 3 days -
while any lag for the CIII}A1909 line (which does not vary) has to be at least 23
days.

The fact that the CC’s of the CIVA1549 and MgIIA2798 emission lines in NGC
4151 and of all the high ionization lines in NGC 5548 are not significantly broader
than the continuum AC further implies that the transfer functions of these lines are
narrow. This, together with the large fractional variations, suggests that the bulk
of the BLR gas is concentrated at very small radial distances from the continuum
source. From the delays in Table 1 and 3, we infer typical length scales ! of about
12 1t-d for the high ionization gas in NGC 5548 and 4 lt-d in NGC 4151. Note that
the two-folding time of the CIVA1549 line flux in NGC 4151 independently sets
an upper limit of 11 lt-d on I,
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4.3. Line profiles

To within the uncertainty, the variations are simultaneous in the red and in the
blue wings of the lines in both galaxies This rules-out the possibility that radial
motions dominate the velocity field of the BLR. Maoz et al. (1991) reach the same
conclusion from a study of the Balmer line profile variability in NGC 4151.

In NGC 4151, there is a close correspondence between the FWZI of a given line
on the one hand, and the amplitude of its variability or the length of its delay on
the other: the broader the line, the more highly variable it is and the shorter its
response time. This is related to the fact that most of the variability is carried by
the wings (|V| > 3000 km.s~!) rather than the core. Moreover, in that galaxy the
response time of the core (|V| < 3000 km.s™1) of the CIVA1549 line to a change
in the flux of the UV continuum is larger than that of its wings by 3.2 + 3 days.
The same pattern, though less pronounced, is present in NGC 5548. The wings
vary only slightly more than the core and the delay in the response of the core is
only 2.5 days longer than that of the wings. This pattern strongly suggests that
the velocity dispersion of the BLR gas increases with decreasing radial distance,
the velocity gradient being steeper in NGC 4151 than in NGC 5548.

4.4. Implications for models

In both galaxies, there is ample evidence for a radial gradient in the physical condi-
tions of the gas: different lines have different response time, different amplitude of
variations, and in the case of NGC 4151, different profiles. In NGC 5548, the BLR
stratification appears to be mainly a gradient in the degree of ionization of the
gas since the delay in the response of a line increases systematically for decreasing
ionization stages of the emitting ion at the same time as the fractional variation
of the line decreases. This is consistent with the photionization scheme where the
gas which lies further away from the continuum source is less ionized, varies less
and responds with a larger delay than the gas which lies closer to the continuum
source. In NGC 4151 the situation is not as simple: on the one hand, there are
the CIV and MgII lines whose ions have widely different ionization potentials but
which nevertheless respond with the same very short lag; on the other hand, there
is the CIII]A1909 line which does not vary and presumably originates from a region
whose radius is at least 23 lt-d, though the ionization potential of C2* is interme-
diate between that of C3+ and Mg™. Since the CIII]A1909 intercombination line is
collisionally de-excited for densities in excess of 3 x 10° cm™3, the most plausible
explanation is that the gas density in the inner BLR of NGC 4151 is far above
its canonical value. As a matter of fact, the unusually large CIV/CIII] intensity
ratio in this object cannot be accounted for solely by invoking large values of the
jonization parameter (Ferland and Persson 1990). Large densities are also needed.
However, since the CIV/MglII and the CIV/CIII] line ratios are larger in the wings
than in the core of the lines, and since the wings response time is shorter than that
of the core, we conclude that in NGC 4151, both the density and the ionization
parameter of the gas increase toward small radii, while in NGC 5548, it is mainly
the ionization degree which increases inward.
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The CIV/CIII] and CIV/MgII line ratios in NGC 4151 are much higher than
in a typical AGN or quasar. Since average line ratios have been used to constrain
the standard photoionization model of the BLR (e.g. Kwan and Krolik 1981), the
results from such model calculations do not apply to NGC 4151. In particular, the
distance at which the gas lies from the continuum source may be much smaller in
that galaxy than allowed by the standard model. Hence, there is no conflict as yet
between the very small BLR size inferred here and theoretical predictions. Krolik
(1990) concludes that the size of the BLR in NGC 5548 as inferred from variability
agrees reasonably well with that derived from a detailed photionization modelling
of the line spectrum.

To conclude, we briefly compare the length scale [ of the inner BLR in
NGC4151, NGC 5548 and F9, the only other Seyfert galaxies for which this has
been reasonably well determined, (Clavel, Wamsteker & Glass, 1989). For con-
sistency, we use the same line, CIVA1549, to define ! in those 3 objects. The
length-scales are in the ratio 1:3:35 for the sequence NGC4151:NGC5548:F9. The
corresponding (outburst) luminosity ratios are 1:20:500. There is clearly a depen-
dence of ! on the luminosity L. Given the uncertainties involved, this dependence
is not too different from the L/2 scaling law which one would naively expect on
the basis of the overall similarity of the emission line spectra of Seyfert I galaxies
and quasars as a class.
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Ground-Based Studies of Emission-Line
Variability: Recent Results for NGC 5548
and Future Plans

Bradley M. Peterson

Department of Astronomy, The Ohio State University

1. Introduction

Ever since emission-line variability was first detected in AGNs, it has been clearly
understood that light-travel time effects in the broad-line region (BLR) afford a
unique tool for studying the structure of these spatially unresolved regions (see
Peterson 1988 for a review). However, only within the last few years has the
observational problem become well defined in terms of the sampling rates and
quality of data necessary to address the problem correctly. The amount of data
required to extract structural information about the BLR from the continuum and
emission-line light curves is so considerable that many of us were convinced that
the most promising approach would be to combine our observational efforts. Our
goal was to work together to produce a large, high-quality database which would
then be released to individual investigators for more complete analysis. The cor-
nerstone of this group effort, described in these proceedings by Clavel, was a joint
NASA/ESA/SERC program to monitor the spectrum of NGC 5548 every four
days with JUE from 1988 December through 1989 August (Clavel et al. 1990). A
concurrent ground-based program was organized in an effort to enhance the sci-
entific return on the project by extending the wavelength coverage and providing
higher spectral resolution and signal-to-noise ratios than would be possible with
IUE. It also turned out that the temporal resolution of the ground-based program
was somewhat better than the temporal resolution of the IUE program, and the
temporal baseline is longer and continues to grow. The database and initial results
are presented by Peterson et al. (1991). In this contribution, I will summarize the
important results of the ground-based program, describe some additional applica-
tions of the existing data, and make a few comments on what we can do in the
future to expand on this work.
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2. The NGC 5548 optical database

The ground-based study of the temporal behavior of NGC 5548 differed from the
concurrent JUE project in that it was not a joint program undertaken with a sin-
gle instrument. The basis of the ground-based program was an informal agreement
that participants would obtain optical spectra, photometry, and CCD images of
NGC 5548 whenever possible, although there were a few notable cases where ob-
servers devoted much of their observational effort for the year to this single project.
The ground-based data are not evenly spaced, as AGN observers tend to be at the
telescope during dark or gray time rather than bright time, and the data are not
homogeneous, as they were obtained with many different instruments in a variety
of configurations.

As a first step in the analysis of these data, we have examined the spectral
variations in the vicinity of the Hf emission line. The principal reason for this
choice is the proximity of the [O m1] AA4959, 5007 narrow emission lines, which
do not vary over the time scales of interest and thus can be used for absolute
flux calibration if the [O 1] flux is determined accurately from observations under
photometric conditions. Evidence for aperture effects is seen by comparing the
data obtained with different instruments — larger spectrograph entrance apertures
admit relatively more [O 111] flux from the partially resolved narrow-line region as
well as more starlight from the host galaxy. In practice, we find that we can
apply empirically determined small nominal corrections to the data obtained with
different instruments to put all of the measurements on a common flux scale.

The database for the study of continuum and HpA variations in NGC 5548
consists of 177 spectra covering 129 independent dates between 1988 December 14
and 1989 October 10. Except for the final month of the campaign, when only two
observations were obtained, the temporal coverage was extraordinarily good, with
the average interval between observations being 3.1 days, and a median interval of
only 1 day. There are no gaps in the coverage larger than 12 days, and gaps of a
week or longer are rare. The typical uncertainty in the continuum measurements
(at 48704, underneath the Hp line) is ~4.5%, and the mean uncertainty in the HA
measurements is ~3.7%. The continuum and emission-line light curves are shown in
Fig. 1, which show that three significant continuum “events” were detected during
this campaign.

3. Phase analysis: cross-correlation results

The primary scientific goal of this project was to determine the “lag” or phase
shift between the continuum and emission-line light curves, and also to determine
whether or not there is a lag between the ultraviolet and optical continuum varia-
tions. The lag between two light curves is determined by cross correlation, either
by using the interpolation method (Gaskell and Sparke 1986) or the discrete cor-
relation method (Edelson and Krolik 1988) — in this particular case, the light
curves are so well sampled that it makes no difference which method is used.
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Fig.1. The continuum light curves at 1350A and 4870A are shown, as well as the
emission-line light curves for Lya and HB. Continuum fluxes are in units of 107'° ergs

s7' em™2 A~! and line fluxes are in units of 1072 ergs s™! cm™? (from Peterson et al.

1991).

Cross correlation of the ultraviolet and optical continuum light curves shows
that the optical continuum variations follow those in the ultraviolet by ~2 days;
various methods of assessing the uncertainty in the cross-correlation lag all seem to
indicate that the formal uncertainties in the results discussed here are 2 - 3 days,
which indicates that the ultraviolet ~ optical continuum lag is not significantly
different from zero, and thus should not be taken too seriously.

Cross correlation of the continuum and Hf light curves gives a lag of ~20 days.
This result is highly significant (the correlation coefficient at the peak of the cross-
correlation function is r ~ 0.86), and is significantly different from the ~10-day lag
found for Lya from the IUE data; direct cross-correlation of the Lya and Hf light
curves shows that Hf lags Lya by ~8 days. This appears to be consistent with the
IUE results for other emission lines, which suggest that the high ionization lines
respond more rapidly than low ionization lines to changes in the continuum flux.
This has been interpreted as evidence for ionization stratification of the BLR.
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4. Continuum amplitude analysis: the host galaxy
contribution

The absence of a phase shift between the ultraviolet and optical continuum light
curves shows that at least the variable parts of the ultraviolet and optical con-
tinuum have a common origin. Further investigation of the origin of the variable
continuum requires that we try to remove the non-varying or slowly varying com-
ponents from the measured flux in each continuum band. Determination of the
stellar contribution to the optical continuum measurements is especially impor-
tant in determining the relative amplitude of variability in the optical and the
ultraviolet.

N T |
AN Pt ]
W i Wi,
[ [éf IR L ¥
2r : I -
s 'ﬁgihﬂﬁ&ﬁﬁﬂ%giﬂ Ya
T t !!!
| T
o F f!!ﬁ #

P S| " i i PR W TR W N N T " n
7500 7600 7700 7800 7900 8000 8100
Julian Date (2440000+)

Fig. 2. The optical continuum and Hf light curves for the two most recent observing
seasons. Units as in Fig. 1.

Particularly useful in this regard are observations made during very faint states,
as these provide firm upper limits to the flux in other components, and indeed the
contributions due to underlying starlight and narrow emission lines, for example,
become relatively prominent and easier to evaluate when the nonstellar continuum
and broad emission lines are weak. We were therefore very fortunate to observe
NGC 5548 in its faintest recorded state during the most recent observing season.
We have continued to monitor NGC 5548, and a preliminary optical light curve,
so far based on Ohio State data only, is shown in Fig. 2. This light curve shows
that in 1990 March — April, NGC 5548 was remarkably faint. An JUE spectrum
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obtained close to minimum light (Reichert, Webb, and Crenshaw 1990) shows
that the nucleus was at that time only half as bright as in its previously recorded
faintest state.

15
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Fig. 3. The relationship between the total continuum flux at 51004, as measured through
a 5 X 7.6 arcsec? aperture, and the total continuum flux at 1350A. Fluxes are in units of
10715 ergs s~ cm™% A1,

There are a number of ways that the host-galaxy contribution to the optical
continuum can be measured, and here we describe a very simple method. As shown
in Fig.3, we plot the optical continuum flux at 51004 versus the simultaneously
measured ultraviolet flux at 13504 (note that we have restricted this analysis to
the homogeneous Ohio State data, obtained through an entrance aperture of 5
arcsec x 7.6 arcsec, and we have used a more “line-free” wavelength than in the
earlier analysis). If it is assumed that no other spectral components other than the
variable continuum and the starlight (measurable only in the optical) contribute to
these continuum bands, then the y-intercept of this relationship gives the starlight
contribution at 51004, and any non-linearity indicates a change in spectral index
with continuum level.

From Fig. 3, one can see that the best-fit function to these data will have
some curvature, in the sense that the ultraviolet flux increases by a larger factor
than does the optical flux. In other words, the spectrum gets harder as it gets
brighter. By fitting a quadratic to these data, we find that the y-intercept of this
function is (3.37 + 0.54) x 107'° ergs s™' ecm™2 A~!. If we adopt this as the
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host galaxy flux! at 5100A as observed through a 5 arcsec x 7.6 arcsec aperture
and subtract this constant contribution from the optical flux measurements, we
can determine a relationship between the spectral index between 13504 and 51004
and the continuum flux. Typically this index is about a = 0.5 (F' « v~%), although
it increases to ~ 0.9 in the faintest states. This result is in good agreement with
the findings of Wamsteker et al. (1990).

5. The Hp transfer function and emissivity distribution

Because the sampling grid is very tight and the amplitude of variation is large rel-
ative to the noise level, it is possible to solve the integral equation which describes
the response of the emission line to continuum variations, i.e.,

L(t)= /°° U(t - 7)C(7)dr,

-0

where C(t) and L(t) are the continuum and emission-line light curves, respectively,
and ¥(t) is the transfer function. The transfer function is essentially the emissivity-
weighted geometrical distribution of the line-emitting gas as a function of time
delay as seen by an external observer (Blandford and McKee 1982). A first attempt
at solving for ¥(t) has been made by Horne, Welsh, and Peterson (1990) by using
the maximum entropy method. The resulting transfer function for Hj is shown in
Fig.4. The remarkable thing about this function is that it approaches zero near
zero lag; by contrast, the transfer function for a thin spherical shell of radius R
is a rectangular function which is non-zero in the range 0 < t < 2R/c. The lack
of immediate response of the HB emission line to continuum variations implies
that the emissivity along our line of sight to the continuum source is very low.
This points to a flattened geometry which we are observing more or less close to
pole-on.

6. Work in progress

At this point, we have only scratched the surface of the information available in
the NGC 5548 database. Some important additional studies which are currently
underway include:

o Determination of the spectral energy distribution over a larger wavelength
range. This includes attempting to refine the model for the underlying starlight
distribution.

o Determination of the velocity field and kinematics of the BLR. As described
in these proceedings, Kollatschny and others are examining the high-S/N,

1 A stringent upper limit on this quantity is provided by the total flux at minimum light,
Fy =546 x 107*% ergs s~ em™2 A1,
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Fig. 4. The transfer function for the HB emission line (from Horne, Welsh, and Peterson
1990).

high-resolution optical spectra to look for line-profile changes. Crenshaw and
Blackwell (1990) have examined the behavior of the C 1v 11549 line during
the period at the end of the JUE campaign when the continuum and the lines
decreased rapidly in flux. On the basis of their analysis, they conclude that
the red side of the line profile follows the continuum more rapidly than the
blue side, which argues for net infall of the BLR gas. Unfortunately, we do
not see any such gross effect when we analyze all of the C v A1549 data
for the campaign, so it is not yet clear what this result means. Efforts are
also being made to recover the velocity-dependent transfer function from the
optical data.

o Measurement of the variability of the blue bump. The mean ultraviolet-optical
NGC 5548 spectrum of Wamsteker et al. (1990) indicates that ~ 1/3 of the
emission from the BLR comes out in the “small bump”, and obviously this
important source of cooling needs to be better understood before detailed
photoionization models can be attempted.

o Measurement of other optical emission lines. Additional important broad lines
which can be examined in the optical spectra include other Balmer series lines,
He 11 4686, He 1 A5876, and the optical Fe 11 blends. These will require more
effort to analyze as the flux calibration away from [O 11] A\4959, 5007 must be
checked very carefully, and some of these lines are very low contrast features
which are often badly blended with other lines.
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7. Impact on future studies

It is clear from the success of the NGC 5548 project that similar projects can
and should be pursued in the future. Therefore, I think it is instructive to reflect
briefly on some of the reasons that this particular effort was successful (see also
Alloin 1990). First of all, we were lucky — NGC 5548 underwent three significant
outbursts during the first year of the study, and continues to undergo pronounced
variations. In contrast, in the Wise Observatory project of 1988, only 3 of about
a dozen sources varied significantly during an entire observing season (see Maoz
1988). A second bit of good fortune was that the power spectrum of the continuum
variations turned out to be steep, something like 1/f2. The continuum outbursts
were smooth and well resolved, which led to accurate cross-correlation results.
What this all comes down to was that the right target was selected for the study
— NGC 5548 is apparently bright and well placed in the sky for a long observability
window for JUE. It had been observed frequently as part of earlier projects (e.g.,
Wamsteker et al. 1990 and Peterson et al. 1990) which indicated variability time
scales well suited to the capabilities of IUE.

Both the satellite-based and ground-based programs were remarkable in terms
of the resources required. Overall, over 100 individuals were involved directly and
are co-authors on the Clavel et al. (1990) and Peterson et al. (1991) papers. The
IUE project required scheduling ~ 60 half-shifts at four-day intervals, and this
was possible only because of the cooperative spirit between Vilspa and Goddard.
The ground-based program involved about 20 telescopes from all over the northern
hemisphere. The great support this project enjoyed was, I believe, because it was
the right project at the right time — the idea for this effort came about at the
Segovia meeting in 1987, and gained momentum at the Georgia State meeting
a few weeks later. Organization of the concurrent ground-based effort began in
earnest at JAU Symposium 134 the following summer. Each of these meetings
featured lively debates on interpretation of spectral variations. Even though the
results of the earlier studies were often inconclusive, it was obvious that there was
great hope for learning about the inner structure of AGNs given enough closely
spaced observations during periods of significant activity.

There were also three other circumstances which contributed to the success of
this effort. The first of these was that JUE was a mature project. It has been an
enormously successful workhorse which has more than fulfilled its original goals.
At this point in its mission, it was ripe to undertake something rather innovative.
Moreover, the climate for this project was right as the Europeans had been using
IUE for similar albeit somewhat less intensive studies for years (which may ac-
count for what I wouild characterize as the early enthusiasm of ESA /SERC for the
project in contrast to the early caution of NASA). The second circumstance was
the relatively recent proliferation of CCD spectrographs and cameras on moderate-
aperture and smaller telescopes. The ground-based results would have been far
less spectacular if the typical uncertainties had turned out to be ~10% or worse
rather than better than ~5%. The third important development was in our abil-
ity to communicate rapidly. The electronic mail networks, which had come into
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widespread use only shortly before planning for this project began, were critical
in organization and execution of the effort.

In light of the results of this project, what are the most interesting problems
for future studies in emission-line variability? Certainly one of the most important
questions is the radius — luminosity relationship, which is predicted to be r o« L1/2
in the simplest models. This relationship is fundamentally important in refining
photoionization models, extending our understanding to high-luminosity quasars,
and explaining correlations such as the Baldwin effect.

It is also important to continue studying NGC 5548 to determine if the transfer
function is stationary, i.e., does either the geometry or the emissivity distribution
of the BLR change with time? Netzer and Maoz (1990) have already opened this
.question by noting that the three individual outbursts shown in Fig. 1 have dif-
ferent lags.

The one issue that I find the most confusing is the relationship between the
observable continuum at energies less than 1 Ryd and the high-energy continuum.
X-ray variability data show different characteristics than we see at lower energies
— the variations in the X-ray are apparently faster and their power spectrum
is flatter than what we see at lower energies. It is extremely important that we
understand the variability in these different wavebands, since the X-rays contribute
substantially to the energy input to the BLR.

If future massive monitoring efforts are to be undertaken, I think that the most
important lessons to be learned from the recent campaigns are the following:

1. The different response time for the various emission lines show that it is im-
portant that all of the lines are measured simultaneously. One cannot infer
the temporal behavior of one line from the behavior of another.

2. For reasons we do not yet understand, some AGNs (e.g., NGC 5548) are
“reliably” variable, i.e., the probability of observing continuum and emission-
line variability over the course of one observing season is quite high. Other
sources seemn to vary only episodically (e.g., Akn 120). Undoubtedly, observing
only the most variable AGNs will introduce some kind of selection effect,
perhaps related to the inclination of the BLR or the purported accretion disk;
however, at this early stage in reverberation mapping it is most important
to get some return on the investment of so much observational effort. It is
important to choose a source that one is quite confident will vary during the
campaign.

3. We can also see from Fig. 2 that the amplitude of variation is often not very
large, even though the total range in brightness can be a magnitude or more.
For the light-curve data to be useful, it is essential that the amplitude of vari-
ability greatly exceed the measurement errors. It is important that the mean
measurement uncertainties are smaller than ~ §%. Unless large telescopes are
used in future campaigns, this probably restricts massive monitoring programs
to apparently brighter AGNs,
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Variability of Line Profiles in NGC 5548
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Gottingen, Germany

Abstract: High resolution profiles of the Ha and HB emission lines of NGC 5548 have
been investigated as part of the international UV/optical monitoring campaign. The
Ha and HP difference profiles show strong variations. The broad line difference profiles
consist of three components. The main component is centered at the same wavelength
as the narrow component. The intensity of this component is correlated with the UV
continuum. It is symmetric and has constant width at zero intensity during the variations.
Furthermore a blue and red component — best visible during low active states — varies
independently.

1. Introduction

Variability studies of the broad emission lines in active galactic nuclei give some
information on the structure and the velocity field of the region where they origi-
nate.

For twenty years it has been known that the broad emission line profiles of NGC
5548 are complex (Andersson, 1971). This Seyfert galaxy was one of the first targets
for the study of the variability of the UV-emission lines with the IUE satellite.
During the last 8 years many optical monitoring programs have been performed
showing the variability of the optical Balmer lines. NGC 5548 was monitored in
the UV with the IUE satellite every four days from Dec. 88 until Aug. 89 (Clavel
et al.,1990; and these proceedings). Parallel to the UV observations B. Peterson
(Peterson et al.,1991; and these proceedings) organized an international ground
based monitoring program for variability studies of the optical continuum and
optical line intensities. As part of this international campaign we tried to get as
many high resolution profiles of the optical emission lines — especially of the Balmer
lines — as possible at Calar Alto Observatory. Here we present preliminary results
of the variability of Balmer line profiles in NGC 5548.
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2. Observations

For the study of the optical emission line profiles of NGC 5548, spectra with
high signal to noise ratio and high spectral resolution, that is 1 - 4 A resolution,
are needed. We made our observations at Calar Alto Observatory with the 3.5m
and 2.2m telescopes. Typical exposure time per spectrum was 30 to 60 minutes.
Further high resolution spectra were obtained as part of the international optical
campaign from A. Filippenko, B. Peterson and P. Smith. Altogether we got high
resolution spectra of HF for 35 epochs from Dec. 88 until Aug. 89. Twenty-one of
these spectra were obtained at Calar Alto Observatory and 14 spectra at other
observatories. For Ha we got high resolution spectra at 21 epochs; 17 of these were
obtained at Calar Alto.

3. Results

Emission line profile variations of HF and Ha are shown in Fig. la and 2a for
two epochs. The continuum has been subtracted from the original spectra. The
Hp line flux has been normalized with respect to the [OIII] 4959,5007 lines which
are known to be constant at least for periods of years. The [OIII] lines originate
in a compact region with spatial extent of less than two arcsec. The flux of the
Hp broad line component varied by 47 % during a time interval of 90 days. The
calibration of the Ha line is more difficult because there are no strong forbidden
emission lines in this wavelength range as there are for H3. Whenever possible the
broad Ha line has been normalized to all forbidden lines in this range, namely
the [SII], the [NII], narrow Ha and the [OI] lines. The flux of the broad Ha line
component varied by 45 % during an interval of 100 days.

Figure 3 shows the variation of the Hf profile after subtraction of the con-
tinuum from Dec. 88 until Aug. 89. The intensity of the profiles is given by the
different colours. The observed spectra are plotted from left to right, from 4800
A t0 5200 A. The narrow HB component is visible on top of the broad component.
Furthermore, the blue and the red wings can be seen as well as the [OIII] 4959
and 5007 lines, which are constant in flux. All the observed high resolution HS
spectra from Dec. 88 until Aug. 89 are plotted from the bottom to the the top
with intervals of one day. For those time intervals where no observations exist the
Hp profiles, which are closest in time, have been extrapolated across the interval.

Finally the image was smoothed with a ten by ten pixel gaussian filter. One
can recognize the three maxima of the HJ line intensity — two stronger ones and a
weaker maximum (e.g. Peterson et al.,1991 and Fig. 4). Further, one can see that
the HB profile is not symmetric. There is an additional blue component which
seems to be more pronounced when the Hf line is strong and which is relatively
weaker when the total flux is lower.

In the following we will discuss the differences of line profiles relative to an
epoch when the emission line was in a low state. In all cases the Hf profiles are
refered to the spectrum taken during the second minimum.
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Fig. 8. Variations of the normalized HJ line profile from Dec. 88 (bottom) until Aug. 89
(top)
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Figure la shows the Hf line profile during the second minimum and the line
profile during the second maximum; Fig. 1b shows the difference profile. The line
profiles are shown as functions of velocity; zero velocity refers to the narrow line
component system. We are not concerned here with the underlying profile during
the minimum state. We only want to consider the changes of the line profiles
during the 8 months period relative to the existing emission line profile during the
minimum at Julian date 2440000 + 7606. Taking into account only the difference
profiles has the advantage that the influence of the varying continuum flux can be
studied very carefully with respect to the broad line changes.

In the following Figures (5,6) the changes of the Hf difference profiles for
some high quality spectra during the first two increasing and decreasing epochs
that is period 1 to 4 (see Fig. 4), have been plotted. During the first minimum
the HB difference spectra show only a blue component (JD 2447509, 2447512)
(Fig. 5a). A few days later a more central component with respect to the narrow
Hf component (JD 2447530, 2447549) is increasing. During the first maximum this
central component is most pronounced, while the blue component did not increase
significantly. After the first maximum the central component is decreasing as the
continuum decreases, and during the second minimum (JD 2447594) only a weak
blue component is visible in the difference profile (Fig. 5b). During the second
increasing and decreasing period the components of the HS profile show the same
behavior as during the first outburst.

Sometimes an additional red component is present (Fig. 5¢). This red compo-
nent decreases soon after the minima relative to the blue component. Most of the
time the central HS component is dominant, but during the minimum epochs the
blue component can be the strongest. This blue component seems to be constant
for some weeks, but it is at least variable on short time scales (a few days) during
the minimum. Immediately after the minimum a red component having nearly the
same intensity as the blue component is present for a short time.

Figure 6 shows the variation of the central HS difference profile after sub-
traction of the blue component of JD 2447509 during the second increasing and
decreasing period. These difference profiles are centered exactly at the velocity of
the narrow component and are nearly symmetric. Furthermore, they have con-
stant width at zero intensity throughout the observed epochs independent of the
variable difference profile intensities.

Our preliminary results of the Ha line show many similarities to the Hf line.
Figure 2b shows the Ha difference profile of the minimum (JD 2447749) and
maximum (JD 2447705) flux. One can immediately detect — even more clearly
than in the Hf difference profile — a blue and a red component. Furthermore,
during the decrease in intensity after the second outburst the profiles also have
constant width at zero intensity.
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4. Discussion

The variations of the central component can be compared with theoretical consid-
erations (Ulrich et al.,1984) of the response of the broad line profiles to an outburst
of the ionizing source. The dominant motion of the region where the central com-
ponent originates must be chaotic motion. The emission line profiles have the same
width at zero intensity early in a continuum outburst, at maximum state and in
the decreasing state. Rotation and radial motions can be excluded for the central
component.

The blue and the red components are not correlated with the continuum vari-
ations in the same way as the central component is. Therefore they must originate
in a different region. The blue component is centered at a radial velocity of about
—1800. km s™! and the red component at 2800. km s™*.

Both components are smaller than the central one and have a full width at
half maximum of ~2000. km s~. The blue component was first detected by Pe-
terson (1987) in the HA line, while the red component was first found by Stirpe et
al. (1988) in the Ha line. The existence of a red component in the Hf profile was
confirmed by Peterson et al. (1990).

The following models for the origin of the blue and red component exist:
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It was first proposed that the blue and the central component are the broad
line regions of a supermassive binary. However, an additional red component was
later found.

Then it was proposed by Stirpe et al. (1988) that the double peaked struc-
ture of the red and blue components is due to a rotating disk. However, the two
components do not vary together (Peterson et al.,1990).

A further possiblity is that they originate from a two sided jet. There seem
to be some similarities with the L; and L, lines on either side of the CIV line
at 1550 A in NGC 4151 (Ulrich et al.,1985). In both cases the two components
vary independently. They are best visible during low active states. The profiles
are narrower than the central component, and in both cases the radial velocities
relative to the central component are different.

5. Conclusion

The broad line profiles of HS and Ha underwent strong variations during the op-
tical monitoring campaign. Three different components are found in the broad HfA
and Ha profiles. The intensity of the strong central component is correlated with
the UV continuum. The difference profiles are nearly symmetric after subtraction
of the blue component. During the variability events the emission line profiles
have a constant width at zero intensity. Therefore chaotic motion is the dominant
motion for the part of the broad line region where they originate. The blue and
the red components vary in different ways from each other and have narrower line
widths than the central component; therefore they must originate in a physically
distinct region. One possibility is that the double peaked structure arises in a disk-
like structure. One argument against the accretion disk model is the independent
variation of the two components. Another possibility is that the blue and the red
component originate in a two sided jet. Many of the arguments for a two sided jet

in NGC 4151 are also valid for NGC 5548.

Acknowledgements: This work has partly been supported by grant Ko 857/6-1,
Bi191/6-2 of the Deutsche Forschungsgemeinschaft.

References

Anderson, K. : Astrophys.J.,169, 469 (1971)

Clavel, J., et al. :Astrophys,.J., in press (1990)

Peterson, B.M.: Astrophys.J., 312, 79 (1987)

Peterson, B.M., Reichert, G., Korista, K., Wagner, M. : Astrophys.J. 352 68 (1990)
Peterson, B.M., et al. :Astrophys.J., in press (1991)

Stirpe, G.M., de Bruyn, A.G., van Groningen, E.: Astron.Astrophys., 200, 9 (1988)
Ulrich, M.H. et al.: Mon.Not.R.Astr.Soc., 208, 221(1984)

Ulrich, M.H. et al.: Nature, 313, 747 (1985)



Continuum Variability in NGC 5548:
Implications for Theoretical Models

Silvano Molendi ! 2, Laura Maraschi ! and L. Stella 3

!Dipartimento di Fisica, Universita di Milano, Italy
2Max-Planck-Institut fiir Extraterrestrische Physik, Garching, Germany

30sservatorio Astronomico di Brera, Milano, Italy

Abstract: The recent campaign on NGC 5548 has shown the continuum to vary simul-

taneously at ultraviolet and optical frequencies, with an upper limit to the delay of less
than 4 days. We examine this result in the context of accretion disk theory. In the first
part the standard a-disk model is discussed. The effects connected with heating of the
outer regions by radiation from the inner regions are also considered. Neither scenario
lends itself to a simple explanation of the observed data. A more successful model involves
a geometrically thin outer disk heated by a central extended source of X-ray radiation.

1. Introduction

During a recent campaign the Seyfert galaxy NGC 5548 was observed with the
IUE satellite every four days for a period of eight months. The continuum was
measured at three different wavelengths 1350, 1840 and 2670 A. In the optical
band the source was observed with a number of telescopes and the continuum was
measured at 4870 A. Variability was clearly present at all wavelengths. Inspection
of the four lightcurves and cross-correlation analysis (Clavel et al. 1990; Peterson et
al. 1990) show that the lightcurves at different wavelengths are strongly correlated
with an upper limit to any delay of less than 4 days.

These results pose serious difficulties for the standard disk models which have
been employed to explain the UV bump of Quasars and Seyfert galaxies.
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2. The data set

We consider continuum flux measurements at two different epochs, the first from
day 2447582 (JD) corresponding to a low state of the source, the second from day
2447622 (JD) corresponding to a high state. The ultraviolet data are from Clavel et
al. (1990) and the optical data are from Peterson et al. (1991). We did not correct
the ultraviolet data for contribution from line blends and Balmer continuum, since
the entity of the contribution is rather uncertain. We corrected the optical data
for starlight contribution as specified in Peterson et al. (1990). All fluxes were
converted to luminosities using a redshift of z = 0.0166 and Hy = 50 km s~!
Mpc~!. No corrections were made for reddening.

3. The accretion disk model

We compared the data from the low state with an accretion disk spectrum. The
standard model for a disk around a Schwarzschild black hole was used (Shakura
and Sunyaev 1973). We assumed a local blackbody spectrum and a face on disk.
The free parameters are the mass of the black hole M and the accretion rate m
which we measure in units of Mgaq, Mgaa = Lgaa/nc* where n = 0.057. The
spectrum and the model show agreement for m = 3.3 x 1073 and M = 2.5 x
108 Mg, cfr. fig. 1. The outer radius of the disk is set at r = 70r, where r, =
2GM/c?. We tried to match the high state fluxes with an accretion disk spectrum
for the same value of the mass and a different accretion rate. The best result is
obtained for m = 7.5 x 1073, cfr. fig. 2.

The timescale on which rn variations are expected to propagate is the radial
drift time, tq = % T tk, where ty is the keplerian timescale. Even at r = 20r,, for
a maximal value of @ = 1 this is of the order of several years in our case, thus we
cannot interpret our result in terms of a variation in the rm parameter.

An inner radiation pressure dominated region exists even at the subcritical
rates derived above. The radius r,; at which the transition between the gas pres-
sure dominated outer region of the accretion disk and the radiation pressure dom-
inated inner region occurs is r = 20r, for @ = 107*. The thermal timescale at this
transition radius is 78 days for a = 1071, This is interestingly similar to the quasi
period in the optical and ultraviolet lightcurves. It is therefore tempting to inter-
pret the variability in terms of some instability that starts at the radius rqp, grows
on the thermal timescale and propagates to the inner region, where the ultraviolet
radiation is emitted, at the speed of sound. For the inner region v, ~ ¢/v/3 so
that the propagation time is of the order of 2 days. There are however a number
of problems. First, it is not clear how an instability that propagates in the form
of a sound wave can produce a 100% increase in the luminosity. Second, a con-
siderable fraction of the optical radiation is emitted at radii larger than 20. This
can be clearly seen in fig. 1 and 2 where the 2 lower continuous lines indicate the
contribution to the total disk spectrum respectively from radii larger and smaller
than 20.
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Fig.1,2. Luminosity versus frequency. The data points and errors are respectively from
day 2447582, low state, and day 2447622, high state, of the campaign on NGC 5548.
The upper continuous line is the spectrum from the whole disk, the two lower continuous
‘lines are the contributions from radii larger and smaller than 20 r,. See the text for
parameters.

4. The self-irradiating disk model

An alternative explanation of the lack of delays between the optical and ultraviolet
lightcurves is that the emission originates from reprocessing of the flux emitted by
the innermost regions.

A large h/r ratio in the outer regions of the disk is required, in order to intercept
a significant fraction of the light emitted by the innermost region. Since h/r scales
with (7'”-)1/ 8, it is convenient to go to smaller masses of the central object. The
integrated luminosity of the disk scales like the product of the mass times the
accretion rate, thus if we reduce the mass by a certain amount, we have to increase

mh by approximatively the same amount. However, the fraction of reradiated flux
to locally produced flux

F, »\ /8
2T 6.2 x 1075 o 1/10,5,3/20,,~1/10 <__>
F v
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form =1, M = 10°Mg a = 1is > 1 only at r > 1.88 x 10%r, where the local
spectrum peaks in the infrar ed, T = 1.32103 ° K, at smaller radii, where the local
spectrum peaks in the ultraviolet, the dominant contribution to the heating is from
the local viscous dissipation. This result is not changed by including the effects of
external heating on the vertical structure of the disk.

5. The central bulge + thin disk model

The situation is drastically different if a central X-ray emitting bulge is present
close to the black hole. In this case a considerable fraction of the radiation liberated
will be intercepted by the surrounding geometrically thin disk. We approximate
the bulge with an isotropically radiating optically thick sphere (Chen and Halpern
1989). We have fixed the mass of the central object at m = 2.5 x 10°. Figure 3
and 4 show the best fits for the low and high state of the source. The inferred
value for the bulge radius is r = 800r,. The luminosity radiated by the bulge is
1.14 x 10** for the high state and 0.55 x 10** for the low state. In a thin accretion
disk context this would correspond to rin = 0.35 and m = 0.17. The fraction of the
total luminosity emitted at 4870 A coming from a region of the disk 4 lightdays
in radius is larger than 98%. This is consistent with the simultaneous variability
in the optical and ultraviolet lightcurves. The radiation from the bulge may be
emitted in the hard X-ray band, cfr. Maraschi and Molendi (1990), or in the soft
X-ray band below 1 Kev. The a,; parameter for NGC 5548 is 1.2, and therefore
a strong medium X-ray component (2 - 10 Kev) can be ruled out.

The timescale on which variations in 1 are expected to propagate in the bulge,
i.e. the radial drift time {45 = %{z—tk, where t; is the keplerian timescale at the
outer radius of the bulge, and the thermal timescale at the outer radius of the
bulge t;;, = %tk, which for l:' ~ 1, coincides with t4, are of 58 days for & = 1 and
r = 800r,. This compares well with the two quasi periods of 40 and 80 days seen
in the light curves.

6. Conclusions

Simple accretion disk models have been used in the past few years by a number of
authors (Malkan (1983), Sun and Malkan (1989), Laor and Netzer (1990)) to model
the optical-UV bump of Quasars and Seyfert galaxies. Simultaneous variations in
the optical and ultraviolet continuum of NGC 5548 are not easily explained in
the framework of standard accretion disk models. The self-irradiating disk model,
which gives a very natural explanation to the simultaneous variations, does not
work because the fraction of energy intercepted by the outer regions of the disk
is too small. A more sophisticated model consisting of an X-ray emitting central
bulge and a thin outer disk yields better results.

Acknowledgements: Silvano Molendi acknowledges the financial support of an
” Anglo Della Riccia” scholarship.
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Variability in Markarian 279
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1. Introduction

Markarian 279, a spiral galaxy with an inclination of about 40°, was immediately
identified as a Seyfert 1 galaxy upon its discovery (Markarian 1969). All its char-
acteristics make it an ‘average’ medium-bright object of its kind (see Table 1). Its
strong broad emission lines present both a median shift and an asymmetry towards
red wavelengths: neither of these characteristics is extreme within the Seyfert 1
population (Stirpe 1989). In this paper I will review what is known about the
broad line variability of Markarian 279 and present some recent results.

Table 1. Main characteristics of Markarian 279
a6 (1950) 135153.64+695108

2z 0.0303

my 14.5

Lpa 10%3 ergs™!
FWHMproad ~ 6000kms™!
Wi(HB) ~ 100 A

2. Early observations

High quality spectra of Ha and HB were published by Osterbrock and Shuder
(1982), who suggested that some line variation may have occurred between May
1980 and March 1981. The first clear detection of emission line variation in Markar-
ian 279 was obtained between 9 March and 2 May 1981 by Peterson et al. (1982),
who observed HB to decrease at negative velocities. After this, the object dis-
appeared from the optical literature for several years, except for Peterson et al.
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(1985) reporting that no further profile variations had been detected. UV con-
tinuum variations were observed by Chapman et al. (1985), who also had some
indication that the UV lines are variable. No further evidence for this has been
published.

In May 1985, high quality Ha and HJ profiles of the source were obtained by
Stirpe (1990): at the time, the H profile looked very similar to the March 1981
profile by Peterson et al. (1982). A lower quality unpublished HB spectrum taken
in July 1986 showed little variation with respect to the previous year. On the
whole, no spectacular variations were detected in this source in the early to mid
eighties.

3. Results from monitoring campaigns

By the time Stirpe and de Bruyn (1990) started monitoring Markarian 279 with
the 2.5m Isaac Newton Telescope (INT) on La Palma in the summer of 1987, the
flux of both continuum and emission lines had dropped by a factor 2, making
this the largest variation observed up to then. During the two-month campaign
both continuum and line fluxes underwent a further decrease of 30% (optical con-
tinuum), 20% (broad He) and 40% (broad HpA). The decrease of Ha was clearly
delayed with respect to that of the continuum, and a comparison between the light
curves indicates that most of the line flux is emitted within a radius of ~ 20 light
days. All line variations always occurred both at negative and positive velocities:
on time scales as short as those of the campaign, which resolve the response of the
BLR to the continuum variations, this is a strong indication that the predominant
motions are not radial, otherwise we would observe delay effects between the two
sides of the lines.

Two monitoring efforts were conducted on Markarian 279 in 1988. One (Stirpe
and de Bruyn, in preparation) was a follow-up of the 1987 campaign on La Palma,
and involved obtaining high resolution (~ 2 A), high signal-to-noise (~ 50 : 1)
spectra of the Ha and Hf regions. The major drawback of this campaign was the
scarcity of epochs awarded (8 distributed irregularly over a period of 4 months).
The other campaign was conducted at Wise Observatory (Maoz et al. 1990), and
yielded low resolution spectra covering both Ha and Hp, taken at average intervals
of 4 days over a period of 5 months. While the time coverage of this data-base is
very good, the low resolution and signal-to-noise severely limit any conclusion on
BLR kinematics.

The results from the 1988 season can be resumed as follows. A gradual increase
of 30% in the continuum was observed at Wise Observatory between early May
and late June, before and after which no significant variations were observed. Ha
and HS had higher mean fluxes (~ 15% and ~ 40% respectively) at the end of
the campaign than at the beginning. The uncertainties on the flux values do not
allow to follow the detailed response of the lines to the continuum variation, but in
any case the observations confirm that the BLR is smaller than one light-month:
the formal lag (12 =+ 3 light-days) obtained from the cross-correlation of the line
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and continuum light curves can be considered consistent with the size obtained
by Stirpe and de Bruyn (1990; see above), given the considerable uncertainties
affecting both results.

Mkn 279 Ho Hp

0 l 1 1 ] I L i 1 0 | 1 l 1 1 1 l I |
6400 6600 6800 4800 5000

Wavelength (&)

Fig. 1. The top panels show the Ha and HS spectra of Markarian 279 taken at the INT
at La Palma on 4 April (lower) and 3 August.1988 (higher). The difference spectra are
displayed in the bottom panels. The wavelength scale has been corrected for the redshift
of the narrow lines (Table 1), and the spectra have been re-binned in 1.5 A intervals.
The flux scale is subject to uncertainties in the absolute calibration, but the spectra have
been set on a consistent scale by normalizing the flux of the narrow lines (assumed to be
non-variable on short time scales)

The Wise Observatory results are consistent with those obtained during the
La Palma campaign conducted that same year. Figure 1 shows the Ha and HpA
spectra from the beginning and end of this campaign (4 April and 3 August), and
the respective difference spectra. As well as the continuum increase at both wave-
lenghts, an increase of the broad Ha and Hp fluxes of 15% and 50% respectively is
clearly visible in the difference spectra. From intermediate spectra it appears that
most of the variation occurred before 21 June. As observed previously in NGC 5548
(Stirpe et al. 1988), the two difference spectra are not alike in shape: while the
broad Hf profile does not appear to have changed, the Ha difference spectrum
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displays the double-peaked appearance already observed in other objects (Stirpe
et al. 1988; Alloin et al. 1988). This profile is characteristic of an accretion disk,
and has led to the suggestion that the velocity field of the BLR is dominated by
rotation. Notice, however, that one of the two peaks, rather than the dip between
them, is centered on v, ~ 0 km s~ (where v, is the observed radial velocity with
respect to the system defined by the narrow lines). If the profile is indeed produced
by an accretion disk with isotropic emissivity, the disk itself would have to have
a velocity of at least 1000 km s~! with respect to the chosen rest system, which
for our purposes can be considered to coincide with the rest system of the host
galaxy (the narrow lines are usually shifted by no more than ~ 200 km s™ with
respect to the stellar lines when the latter are visible in an AGN spectrum). This
situation requires careful consideration about its stability and possible formation
mechanism. An alternative solution is that the velocity shift of the double peaked
profile is a spurious effect caused by a non-uniform illumination of the disk.

4. The LAG campaign

The latest monitoring effort was conducted at La Palma in the first half of 1990 by
the Lovers of Active Galaxies (LAG) collaboration. LAG was formed to exploit
the 5% fraction of the observing time at the Canary Islands observatories, assigned
by the Comité Cientifico International to major international projects. Most of
the allocated observing time was dedicated to monitoring a sample of AGN which
included Markarian 279. CCD spectra of the Ha region were obtained at the INT
and at the 4.2m William Herschel Telescope (WHT), with a resolution of ~ 2 &
and ~ 1 A respectively. Spectra of HB were also obtained at some epochs. CCD
images in several bands were obtained on the same time scales at the 1m Jacobus
Kapteyn Telescope, in order to monitor the continuum light curve. This is the best
quality data set available up to now for Markarian 279, if we consider the time
coverage (the average interval between spectroscopic observations is 6.1 days),
resolution, signal-to-noise ratio (typically ~ 70: 1 in the Ha continuum), and the
availability of CCD photometry. The data are still being analysed at present, and
only some preliminary results are presented here.

Firstly, a major increase was noticed in the line and continuum flux with re-
spect to the 1987 and 1988 observations (Figs.2 and 3, compare with Fig.1). Ha
was at least as bright as in 1985 (Stirpe 1989), and HS was at the highest level
ever observed. Throughout the campaign Markarian 279 remained brighter than
observed in 1987 or 1988. The fastest variation in Ha was observed at the begin-
ning of the campaign, in an interval of 5 days (Fig.2), when the broad component
increased by ~ 15%. Contrary to what was observed in 1988 (Fig.1), the profile
of the difference spectrum is very similar to that of the individual spectra. After
24 January, the source underwent a slow, steady decrease which was stiil contin-
uing at the end of the campaign. Figure 3, for instance, shows how the broad Hf
flux decreased by 25% in an interval of 3 months: intermediate Ha spectra show
that no distinct features are present in the light curve, apart from the gradual de-
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crease. Notice also the strong decrease of the He 11 \4686 line, and the bump in the
difference spectrum at ~ 5020 A, due presumably to the variation of FeII A5018.
By the end of the campaign HB had become weaker by about 40%, and Ha by
2> 20%. In general, these observations confirm that Markarian 279 tends to vary
slowly, i.e. on time scales of several weeks.

Mkn 279 Ha Mkn 279 HB

I 1 1 1 l [ 1

6400 6600 6800 4800 5000
Wavelength (&) Wavelength (1)
Fig. 2. Top panel: He spectra of Markar- Fig. 8. Top panel: HB spectra obtained
ian 279 obtained at the WHT on 19 at the INT on 11 February (higher) and
(lower) and 24 January 1990 (higher). 14 April 1990 (lower). The spectra are
The spectra are treated as those in Fig.1, treated as those in Fig.1. Bottom panel:
except for a different bin width (1 A). the difference between the two spectra

Bottom panel: the difference between the
two spectra
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5. Conclusions

Figure 4 summarizes the extreme states in which Markarian 279 has been ob-
served up to now: highest in June 1985 and more recently in January 1990, lowest
in Summer 1987 to May 1988. In June 1988 and June 1990 the object was at
an intermediate level between those shown here. The data collected in the last
5 years show that variations in this object can have a very large amplitude, caus-
ing the flux of the broad component in HB to more than double at times. However,
the largest variations also occur on long time scales (of the order of 1 year): the
strongest variation within a single observing season was the 50% increase of the
broad HB flux in an interval of 2 months, observed in 1988. As well as the range of
luminosities, Fig.4 evidences the fact that the optical continuum becomes steeper
when the luminosity is higher, and that there is a strong correlation between its
slope and the luminosity.

It is by now well established that the BLR in Markarian 279 is less than a
light-month in size: a more accurate determination awaits more complete, high
quality data sets than those as yet published. More uncertainty surrounds the
BLR kinematics. In all difference spectra, variations are visible both at negative
and positive velocities, even on the shortest time scales, which strongly argues
against the predominance of radial motions in the BLR. The symmetry in the
difference spectra and the absence of delay effects between the two sides favours
either rotational or chaotic motion. The double peaks observed in the Ha differ-
ence spectrum on one occasion are what we expect from an accretion disk. Due
to the different shifts of the two peaks with respect to the rest wavelength, how-
ever, a model of this kind would require a fairly high velocity (> 1000 km s~ ) of
the disk itself with respect to the NLR, unless dishomogeneities are introduced.
Chaotic motion would not produce double peaks, but would explain the lack of
profile variation observed on a very short time scale at the beginning of the LAG
campaign. We should ask ourselves why double-peaked or flat-topped difference
profiles are seen on some occasions (see also Stirpe and de Bruyn 1990), while
on most occasions the difference profiles do not differ from the individual ones,
and bear in mind that disk profiles are not necessarily double-peaked (Dumont
and Collin-Souffrin 1990). A more complete analysis of the LAG data set, and
simulations such as those performed by Robinson et al. (1990) will allow to set
constraints on the kinematics of the BLR. For the moment, the only strong state-
ment that can be made about the prevailing type of motion in this source is that
it is almost certainly not radial. The lack of major variations in the line profiles of
Markarian 279 is in contrast with what is common occurrence in other Seyferts,
such as NGC.5548 and Akn 120. This different behaviour suggests that, although
Markarian 279 and NGC 5548 have comparable intrinsic luminosities, the BLRs
of the two sources may present different characteristics, as is already suggested in
fact by their considerably different line profiles. As well as studying the luminosity
dependence of AGN variability, therefore, it would be worthwile to monitor the
behaviour of sources with widely differing line profiles: this would help us to de-
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Mkn 279 HR

4600 4800 5000 5200
Wavelength (&)
Fig. 4. HB spectra of Markarian 279 taken in 4 different years, according to the following

key: a — June 1985, b — June 1987, ¢ — April 1988, d — January 1990. The spectra have
been treated as those in Fig.1, but are binned in 1 A intervals

termine which factors (different velocity fields, projection angles, etc.) cause the
diversity observed in AGN emission lines.
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A Search for Variability in PKS 1302-102

Neil Jackson

NRAL, Jodrell Bank, Macclesfield, Cheshire SK11 9DL, England

In recent years it has become clear that line variability is not confined to lower
luminosity objects such as Seyfert galaxies. Higher luminosity objects such as radio
quasars have been found to contain variable line emission. The timescales of the
variations are generally longer than those seen in Seyfert galaxies, but are still
shorter those expected from photoionization models. For example, Penston, Pérez
and Moles (1989) find variations in the Lya and CIV lines of PKS21344004, in
the CIII] and CIV lines of 3C 445, and in the core of the MglI line of 23444092,
all on timescales of months. In addition, variations of 20% -40% have been found
in the Balmer lines of 07364017, 2135-147 and 21414175 (Zheng and Burbidge
1986; Zheng et al. 1987). '

The LAG (Lovers of Active Galaxies) collaboration was set up to bid for the
CCI international 5% of time on the La Palma telescopes for 1989-1990. Part of
the LAG programme involved the monitoring of line and continuum variability,
mostly in Seyfert galaxies but also two quasars. 1302-102 was chosen as one of
these quasars because it is one of the brightest radio core dominated quasars in
the appropriate part of the sky. (Most variable quasars mentioned above are also
core dominated: for a possible explanation of this see Pérez et al. 1989). Spectra
were obtained on the William Herschel and Isaac Netwon telescopes (INT and
WHT) on La Palma.

Figure 1 shows the preliminary results, in the form of spectra obtained over
the six months of the campaign. These spectra have been extracted according to
an algorithm which weights spatial columns according to the excess of counts in
them over the sky background. It appears that, to an accuracy of < 10% , no
variation took place in the first five months. A possible small variation can be seen
in the last two spectra, in the shape of either a continuum rise or a decrease in
Hp flux, by comparison with the [OIII] lines which are assumed to be constant.
Jacobus Kapteyn Telescope dara, which were also obtained during the six months,
will resolve this ambiguity.

The coadded spectrum of the best WHT epochs (Figure 2) is of very high
quality. The small narrow component can be clearly seen: note that the centroid
of the broad H line has a small but definite shift to the red with respect to the
narrow Hf line which sits on top of it. The contaminating Fell lines (at 49