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ABSTRACT

This paper combines data from the three preceding papers in order to analyze the multi-wave-band
variability and spectral energy distribution of the Seyfert 1 galaxy NGC 4151 during the 1993 December
monitoring campaign. The source, which was near its peak historical brightness, showed strong, corre-
lated variability at X-ray, ultraviolet, and optical wavelengths. The strongest variations were seen in
medium-energy (~1.5 keV) X-rays, with a normalized variability amplitude (NVA) of 24%. Weaker
(NVA = 6%) variations (uncorrelated with those at lower energies) were seen at soft gamma-ray energies
of ~100 keV. No significant variability was seen in softer (0.1-1 keV) X-ray bands. In the ultraviolet/
optical regime, the NVA decreased from 9% to 1% as the wavelength increased from 1275 to 6900 A.
These data do not probe extreme ultraviolet (1200 A to 0.1 keV) or hard X-ray (2-50 keV) variability.
The phase differences between variations in different bands were consistent with zero lag, with upper
limits of <0.15 day between 1275 A and the other ultraviolet bands, <0.3 day between 1275 A and 1.5
keV, and <1 day between 1275 and 5125 A. These tight limits represent more than an order of magni-
tude improvement over those determined in previous multi-wave-band AGN monitoring campaigns. The
ultraviolet fluctuation power spectra showed no evidence for periodicity, but were instead well fitted with
a very steep, red power law (a < —2.5).

If photons emitted at a “primary” wave band are absorbed by nearby material and “reprocessed” to
produce emission at a secondary wave band, causality arguments require that variations in the second-
ary band follow those in the primary band. The tight interband correlation and limits on the ultraviolet
and medium-energy X-ray lags indicate that the reprocessing region is smaller than ~0.15 lt-day in size.
After correcting for strong (a factor of 215) line-of-sight absorption, the medium-energy X-ray lumi-
nosity variations appear adequate to drive the ultraviolet/optical variations. However, the medium-
energy X-ray NVA is 2-4 times that in the ultraviolet, and the single-epoch, absorption-corrected
X-ray/gamma-ray luminosity is only about one-third of that of the ultraviolet/optical/infrared, suggesting
that at most about a third of the total low-energy flux could be reprocessed high-energy emission.

The strong wavelength dependence of the ultraviolet NVAs is consistent with an origin in an accretion
disk, with the variable emission coming from the hotter inner regions and nonvariable emission from the
cooler outer regions. These data, when combined with the results of disk fits, indicate a boundary
between these regions near a radius of order R =~ 0.07 It-day. No interband lag would be expected, as
reprocessing (and thus propagation between regions) need not occur, and the orbital timescale of ~1
day is consistent with the observed variability timescale. However, such a model does not immediately
explain the good correlation between ultraviolet and X-ray variations.

‘Subject headings: galaxies: active — galaxies: individual (NGC 4151) — galaxies: Seyfert —
ultraviolet: galaxies — X-rays: galaxies
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SHORT-TIMESCALE VARIABILITY IN NGC 4151. IV.

1. INTRODUCTION

Two of the most constraining observed properties of
active galactic nuclei (AGN) are their large luminosities
over a broad range of energies (gamma ray through
infrared) and their rapid variability (implying a small source
size unless the emission is highly beamed). The inferred
large energy densities have led to a standard model of the
ultimate energy source being the release of gravitational
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potential energy of matter from an accretion disk surround-
ing a supermassive black hole (e.g., Rees 1984). Although
this general model has broad support, the specific physical
processes that produce the complex, broadband spectral
energy distributions (SEDs) observed from AGN have not
been clearly identified. It is believed that a mix of processes
is important. The ultraviolet and optical emission may be
primary radiation from an accretion disk (Shields 1978;
Malkan & Sargent 1982; Malkan 1983). In low-luminosity
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objects starlight will contribute as well. Thermal dust emis-
sion is an important ingredient of the infrared band
1 (Barvainis 1987; Sanders et al. 1989). The high-energy
4 (X-ray and gamma ray) emission is not well understood.
There are a variety of models for their origin, ranging from
electromagnetic cascades in an e* e~ pair plasma (Zdziarski
et al 1990) to thermal Comptonization models (Haardt &
Maraschi 1993; Haardt, Maraschi, & Ghisellini 1994). Fur-
thermore, gas near the central source may reprocess at least
some of the primary radiation via Compton scattering,
absorption, and fluorescent processes (Guilbert & Rees
1988; Lightman & White 1988; George & Fabian 1991;
Matt, Fabian, & Ross 1993).

Determination of the mix of physical processes that
produce these large, broadband luminosities is a major
unresolved issue in AGN research, and multi-wave-band
variability studies are potentially highly constraining. Cau-
sality arguments imply that if emission in a “secondary”
band is produced when photons from a “primary” band
are reprocessed in material near the central engine, then
variations in the secondary band could not be seen to lead
those in the primary band. Furthermore, if the emission in
any given wave band is a combination of two independent
components (with presumably independent variability
behavior), then measurement of broadband spectral varia-
bility might allow them to be separated. Finally, if a charac-
teristic variability timescale could be measured, it could be
compared with those indicative of different physical pro-
cesses (e.g., with the expected viscous, orbital, and light-
travel timescales).

In spite of the potential power of this approach, it has not
until recently been exploited because of the very large
amount of telescope time required. In several experiments
designed to measure the size of the broad-line region in the
Seyfert 1 galaxy NGC 5548, variations at ~1400 A were
seen to track those at ~2800 and ~ 5000 A to within <1-2
days (Clavel et al. 1991; Peterson et al. 1991; Korista et al.
1995). This was taken to imply an ultraviolet-optical propa-
gation time that is too short to be associated with any
dynamics mediated by viscosity, such as variations in the
mass inflow rate, in a standard a-disk (Krolik et al. 1991;
but see § 4.2 below). Similar problems were noted in ultra-
violet and optical monitoring of NGC 4151 by Ulrich et al.
(1991). Krolik et al. (1991) suggested that variation in the
different wave bands in NGC 5548 were coordinated by a
photon signal. Nandra et al. (1991) suggested that this
signal might be X-ray heating (reprocessing). Several
authors constructed specific models of X-ray-illuminated
accretion disks to acount for the NGC 5548 data (Collin-
Souffrin 1991; Rokaki & Magnan 1992; Molendi,
Maraschi, & Stella 1992; Rokaki, Collin-Souffrin, &
Magnan 1993) as well as for NGC 4151 (Perola & Piro
1994). A strong test of the idea that the ultraviolet is pro-
duced by reprocessing X-ray photons could be made by
measuring the time relationship between fluctuations in the
ultraviolet and the X-rays, but previous attempts (e.g.,
Clavel et al. 1992) lacked adequate temporal resolution.

In order to attempt this test, an international consortium
of AGN observers undertook a campaign to intensively
monitor a single Seyfert 1 galaxy, NGC 4151, at ultraviolet,
X-ray, gamma-ray and optical wavelengths for ~ 10 days in
1993 December. These data are described in detail in the
three preceding papers (Paper I, Crenshaw et al. 1996;
Paper 11, Kaspi et al. 1996; and Paper III, Warwick et al.
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1996); they are summarized in the following section. In this
paper, the multiwavelength data are analyzed in com-
bination. The measurement of the multi-wave-band varia-
bility, temporal correlations, phase lags, and the broadband
optical-through-gamma-ray SED are analyzed in § 3, and
the scientific implications are briefly discussed in § 4.

2. DATA

The aim of these observations was to monitor NGC 4151
intensively across the accessible optical-through—gamma-
ray region during the period from MJD 22.5 to MJD 32.2.
(The modified Julian Date, MJD, is defined as
MID = JD — 2,449,300. All dates refer to the center points
of observations unless otherwise noted.) While scheduling
difficulties, satellite malfunctions, and other minor prob-
lems did cause some gaps and perturbations in this plan,
this campaign still produced the most intensive coordinated
observations to date of an AGN across these high-energy
wave bands. Along with daily observations before and after
this period (not analyzed in this paper), the International
Ultraviolet Explorer (IUE) observed NGC 4151 nearly con-
tinuously from MJD 22.6 to MJD 31.9. A pair of SWP and
LWP spectra, spanning the range 1200-2000 A and 2000
3000 A, respectively, was obtained every ~70 minutes,
excluding a daily ~2 hr gap at about modulo MJD 0.4-0.5.
ROSAT observed the source twice per day, with nearly even
sampling from MJD 22.5 to MJD 28.0. A satellite malfunc-
tion caused ROSAT to go into safe mode for most of the
second half of the campaign, although it did make one final
observation at MJD 32.2. ASCA was also plagued by satel-
lite problems (this time in the first half of the campaign) but
four 10 ks observations were successfully obtained at MID
26.0, 27.5, 29.1, and 31.6. Compton Gamma Ray Observatory
(CGRO) observations were made with the OSSE instrument
during the period MJD 22.7-34.6. Ground-based optical
spectra were obtained for a 2 month period that included
these dates. Figure 1 gives the light curves in nominal 100
keV, 1.5 keV, 1275 A, 1820 A, 2688 A, and 5125 A wave
bands. These bands are explicitly defined below, and further
details of the sampling characteristics are given in Table 1.

A total of 18 optical spectra were obtained during the
intensive monitoring period; 10 at Perkins Observatory
(Ohio State University) and eight at Wise Observatory. The
Wise data covered 4210-6990 A with ~5 A resolution
through a 10” slit, while the OSU data covered 4480-5660
A at ~9 A resolution through a 5” slit. These data were
intercalibrated to remove the effects of (presumably
nonvariable) extended emission and instrumental offsets
from the light curves. Continuum fluxes in the 4600 + 40
and 5125 + 25 A bands and HS line fluxes were measured
from both sets of spectra, while 6200 + 30 and 6925 + 25 A
continuum fluxes and Ha line fluxes were measured only
from the Wise data. The Wise spectrograph projects to
10” x 13" on the sky, and approximately 25% of the light at

TABLE 1
SAMPLING CHARACTERISTICS

Number of At,,. At csian
Light Curve Epochs (days) (days)
1275 A, 1820 A...... 176 0.053 + 0.022 0.046
2688 A ....ooonnnnnn. 168 0.055 + 0.025 0.046
Soft X-ray ........... 17 0.607 + 0.540 0.500
5125A . 18 0.549 + 0.250 0.585
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FiG. 1.—Continuum light curves during the 10 day intensive monitoring period, for wave bands centered on 100 keV, 1.5 keV, 1275 A, 1820 A, 2688 A,
and 5125 A. The light curves are on a common scale, but shifted in flux to present them in one figure, so a 10% flux change is shown. The X-ray data showed
the strongest variability but the poorest sampling; the interruption in the second half of the campaign was due to a spacecraft malfunction. The apparent
short flares in the 2688 A light curve are probably due to instrumental effects and not intrinsic variability.

a wavelength of 5125 A is due to starlight from the host
galaxy (see § 3.5). The uncertainties in measurements of the
optical fluxes are at about the 1% level (see Paper II for
details). The 5125 A data from both telescopes were com-
bined in the correlation analyses and light curves.

During the intensive monitoring period, IUE obtained a
total of 176 spectra with the SWP camera and 168 with the
LWP camera. Observations were spaced as closely as pos-
sible, leading to fairly even sampling of ~ 18 spectra per day
in each camera, with a ~2 hr period each day, during which
no data were obtained because of Earth occultation and
high particle background. One-dimensional spectra were
extracted using the TOMSIPS package (Ayres 1993). Con-
tinuum fluxes were measured by summing over relatively
line-free, ~30 A wide bands centered at 1275, 1330, 1440,

1820, 1950, 2300, and 2688 A. Uncertainties, taken to be the
standard error in the band, were typically 1%-2%, consis-
tent with the observed epoch-to-epoch dispersion in the
measured fluxes. Line fluxes (C 1v, He 11, and C 1m1]) were
measured by fitting multiple Gaussians. (See Paper I and
Penton et al. 1996 for details of the IUE data reduction.)
The continuum light curves measured at 1275, 1820, 2688,
and 5125 A were used in the light curves and time-series
analyses, all of the ultraviolet/optical continuum data were
used only in the variability amplitude and zero-lag corre-
lation analyses, and the emission-line data were not used in
this paper.

The ROSAT PSPC made a total of 13 observations of
NGC 4151 between MJD 22.5 and MJD 28.0. Although the
center points of the first 12 observations were almost evenly
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spaced (every 0.5 day), the integration times varied from 0.8
to 6.4 ks. The two soft (0.1-0.4 and 0.5-0.9 keV) bands,
'+ which showed no significant variability during the observ-
. ations, are apparently dominated by emission from an
extended component (e.g., Elvis, Briel, & Henry 1983;
Morse et al. 1995). However, the hardest ROSAT band (1-2
keV) showed variations significantly in excess of the mea-
sured errors.

The ROSAT spectra were well fitted by a nonvariable
thermal bremsstrahlung (kT; = 0.44 + 0.05 keV) com-
ponent that contributes most of the flux below 1.4 keV and
a heavily absorbed (N = 2.3 x 10?2 cm~2) power law with
fixed slope (« = —0.5; S, oc v*) and variable normalization
(4 = 0.010-0.024 photons cm~2 s~! keV~!) that domi-
nates at medium X-ray energies. However, the proportional
counter data have low resolution, and thus a range of other
models cannot be ruled out.

The four ASCA spectra have higher resolution, allowing
more detailed spectral analysis. These data were compatible
with a model that includes warm and cold absorbers,
thermal bremsstrahlung, a power law, and a 6.4 keV iron
line. Again, this is not a unique solution. The iron line
shows significant broadening to the redward wing, suggest-
ing a gravitational redshift that would constrain the
material to lie very near the black hole (Yaqoob et al. 1995).
The 1-2 keV ASCA data were used in the light curves along
with the ROSAT points, with a 10% uncertainty added to
account for possible calibration differences. The harder
(2-10 keV) ASCA data were not used for variability analysis
because only four epochs were obtained.

NGC 4151 was continuously observed with the OSSE
instrument on CGRO. The broadband 50-150 keV count
rate showed weak but significant variability. The raw data
were calibrated by convolving the detector response func-
tion with a model assuming a power law with an exponen-
tial cutoff. See Paper III for further details on the X-ray and
gamma ray data.

NGC 4151 was near its historical peak brightness during
this campaign. The average (absorption-corrected) flux in
the 2-10 keV band was 3.6 x 1079 ergs cm ™2 s~ !, This is
bright compared to the compilation of results from
EXOSAT and Ginga reported in Yaqoob et al. (1993),
which were in the range (0.8-4) x 107 *° ergs cm ™25~ L. The
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higher than the range of (0.4-3.6) x 10713 ergs cm ! s7!
A~ seen in 1978-1990 (Edelson, Krolik, & Pike 1990;
Palatini & Courvoisier 1994), although the ultraviolet flux
was a bit higher during the 1995 March Astro-2 campaign
(Kriss et al. 1995).

3. ANALYSIS

3.1. Variability Amplitudes in Different W ave Bands

During the period MJD 22.5-32.3, the light curve of
NGC 4151 was densely sampled by IUE, ROSAT, CGRO,
and ground-based telescopes. The initial analysis of these
data involved comparing fractional variability amplitudes
during this period as a function of observing frequency. The
normalized variability amplitude (NVA, or F,,,) was com-
puted as follows. For each band, the mean ({x)) and stan-
dard deviation (g,,) of the flux points and the mean error
level (o.,,) were measured. Because the NVA is intended to
be free of instrumental effects, it was determined by sub-
tracting in quadrature the measured mean error from the
standard deviation and then dividing by the mean flux.
That is,

F. = atzot _ Gzrr (1)

var — <x>2 *

Note that this is essentially the same procedure used to
derive F,,, in Peterson et al. (1991) and oyy, in Edelson
(1992). These quantities are given in Table 2, along with the
observing band, number of observations (N), and the differ-
ence in days between the first and last observations (AT)
during this intensive period.

Figure 2 is a plot of NVA as a function of observing wave
band. The NVA shows a strong dependence on photon
energy, increasing from F,,. ~ 1% in the optical to ~4% in
the LWP and ~5%-9% in the SWP. The variability in the
SWP is clearly stronger than at longer wavelengths, but
because of the lower variability levels and stronger starlight
corrections, it is impossible to say whether the optical and
LWP have significantly different “nonstellar NVAs.” This
strong wavelength dependence has been seen previously in
NGC 4151 and other AGN (e.g., Edelson, Krolik & Pike
1990), and is suggestive of the superposition of a nonvari-

mean 1275 A flux of ~4 x 10713 ergs cm™2 s A™1 is able soft component that dominates in the optical/infrared
TABLE 2
VARIABILITY AMPLITUDE VERSUS BAND
Number At Gyot Oerr Fvnr Lvnr 03/4 01/2

Band of Points  (days) (%) (%) (%)  (10*ergss™!) (%) (%)
50-150 keV...... 9 8.10 8.9 6.4 6.1 119
1-2keV.......... 17 9.72 26.5 114 239 6.7
0.5-09 keV...... 17 9.72 35 6.6 ... ...
0.1-04 keV ...... 17 9.72 3.0 50 ... ...
1275 A 176 9.20 8.6 0.9 8.6 235 8.6 8.6
1330A ... 176 9.20 8.2 10 8.2 241 8.1 74
1440 A ... 176 9.20 6.7 L5 6.6 179 7.2 6.5
1730A ... 176 9.20 6.1 14 6.0 172 5.5 4.1
1820A ... 176 9.20 50 13 48 124 5.1 3.6
1950 A ... 176 9.20 49 2.0 45 106 45 31
2300 A 168 9.15 5.3 2.0 49 108 3.6 19
2688 A 168 9.15 39 1.1 3.7 89 2.7 13
4600 A ........... 17 7.94 1.3 0.9 09 23 1.0 0.3
5125A ........... 18 9.33 1.1 0.9 0.7 14 09 0.2
6200A ........... 8 8.91 1.5 0.6 14 33 0.6 0.2
6925A ........... 8 891 1.6 0.7 14 36 04 0.1

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...470..364E

No. 1, 1996 SHORT-TIMESCALE VARIABILITY IN NGC 4151. V. 369
i Ll L LI L} ' L T L] L 4 i T ' ﬁIT k) l LEBELEL L] I L) LE T i
X ] i ]
oL _ ol _
Y] @
& &
< <
E i 1 E i X |
oL B ol _
i i
i o I 1 ]
L g 6 e 4 o X 4
- e ? - L X .
o0 X I T T
o |XX ”ﬁ 1 lxl I&J&l O 1 J 1 i 1 J 1 1 1 l 1 1 1 1
14.5 15 15.5 17 18 19 20

Log Frequency (Hz)

Log Frequency (Hz)

F1G. 2.—Plot of NVA as a function of observing frequency. Note the strong correlation in the optical/ultraviolet band (left panel), where the NVA rises
from ~ 1% in the optical to ~9% in the ultraviolet. The open circles refer to the total variability (o,,,), and the filled circles are the NVAs (F,,,), which
represent the variability after correction for instrumental uncertainties (which are denoted by crosses). The strongest NVA is seen in medium-energy (1-2
keV) X-rays (right panel), with an NVA of 24%, while there is no significant variability observed in the softer X-ray bands, and weaker variations

(NVA = 6%)at 100 keV.

and a variable hard component that dominates in the ultra-
violet.

The NVA also shows interesting behavior at high ener-
gies. The soft ROSAT bands show no evidence for any
significant variations, with NVA formally undefined, as the
observed variation levels are smaller than the instrumental
errors. The medium-energy 1.5 keV X-ray band shows the
strongest variability seen in any band, with F,,, =~ 24%.
This large difference is apparently due to the superposition
of two components: a soft, extended (and therefore
nonvariable) component seen in spectra and Einstein high-
resolution imager (HRI) images (Elvis et al. 1983), and a
harder, strongly variable component. However, this strong-
ly variable component must cut off at some higher energies,
because the CGRO data show weaker variability, with
F,,. =~ 6% in the 50-150 keV band.

Unfortunately, there are two important energy ranges in
which the variability properties of NGC 4151 during this
campaign were not measured: the hard X-ray 2-50 keV gap
between ROSAT and CGRO (the 2-10 keV ASCA data
cannot be used to measure a meaningful NVA with only
four points) and the extreme-ultraviolet 1200 A (10 eV) to
100 eV gap in the mostly unobservable region between IUE
and ROSAT. The former wave band could contain the bulk
of the luminosity of the putative primary emission com-
ponent, and the latter, the bulk of the disk luminosity. These
gaps do limit the power of these data (see § 4), although we
note that this campaign has produced the most densely
sampled grid in time and energy band obtained of any AGN
to date.

Table 2 also gives the monochromatic variable lumi-
nosity, defined as L,,, = F,,, x vL, (vL, is the observed
monochromatic luminosity, as defined in § 3.5). This
parameter behaves somewhat differently than the NVA. In
particular, the medium-energy X-rays, which have the
strongest NVA (F,,, = 24%) actually show the lowest value
of L,,, (6.7 x 10*® ergs s~ !). Note, however, that the X-rays
appear to be heavily absorbed (~90%-95%; see § 3.5), so
the intrinsic value of this quantity is actually much larger.

3.2. Fluctuation Power Density Spectra

These are the most densely sampled ultraviolet obser-
vations of any AGN obtained to date, allowing exami-
nation of the short-timescale variability properties. These
data were used to measure the fluctuation power density
spectra (PDS) in four ultraviolet bands (1275, 1330, 1820,
and 2688 A), on timescales of ~0.2-5 days. A regular grid of
spacing 0.1 day was created, and the value at each point was
taken to be the average of the nearest 12 points, weighted as
exp [(—AT/0.1 day)*]. This resampling, which was neces-
sary to mitigate problems introduced by the periodic ~0.1
day Earth occultation gaps, destroys all information on
shorter timescales. However, as seen below, the PDS are
dominated by noise on these shorter timescales, so this is
not a problem. Only the continuous data were used, and the
mean was not subtracted. These resampled data were used
to compute the PDS in the four ultraviolet bands, the
results of which are shown in Figure 3.

The PDS of AGN show no discrete features that would
indicate periodicity. Instead, the fluctuation power is spread
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F16. 3—PDS of the resampled ultraviolet light curves in four bands. The units of the PDS (ordinate) are ergs> cm~* A~2, while the units of the abscissa
are days ™. The PDS, which all appear the same to within the errors, show no signs of periodic variability. Instead, they are well fitted by a power law with

slopea ~ —2.5.

out over a wide range of temporal frequencies. It is common
practice to parameterize the PDS of AGN by the function
P(f) c f°, where P(f) is the PDS at temporal frequency f,
and a is the power-law slope. These PDS have a ~ —2.5,
making them the “reddest” AGN PDS yet measured. In
fact, the intrinsic PDS is even redder, as “red-noise leak”
makes the observed PD of sources with intrinsic PDS
slopes a < —2 appear smaller (Papadakis & Lawrence
1995). By comparison, the ultraviolet PDS of NGC 5548
had a slope a=~ —2 on timescales of weeks to months
(Krolik et al. 1991). This indicates that the variability power
is falling off rapidly at short timescales, and the bulk of the
variability power is on timescales of days or longer. The
X-ray PDS NGC 4151 has a ~ —2 timescales of hours to
days and a~ —1 on longer timescales (Papadakis &
McHardy 1995). The fact that the (rather noisy) X-ray and
ultraviolet PDS appear to have different slopes over the
same range of timescales may indicate that different pro-
cesses power the variability at the two wave bands,
although systematic differences in the data and reduction
techniques for the two data sets make direct comparison
difficult.

The four PDS in Figure 3 look similar to within the noise.
There do, however, appear to be some qualitative differ-
ences in the character of variations in different bands that
can be discerned by direct examination of the light curves.
In particular, the ultraviolet data give the impression that
the most rapid variations occur at the shortest wavelengths,
and are somewhat “smeared out” to longer wavelengths.

(The ~0.2 day “spikes” in the 2688 A light curve may be
due to instrumental effects.) A similar effect has been seen at
longer timescales in HST monitoring of NGC 5548
(Korista et al. 1995). Such an effect would not be apparent
in the above PDS analysis. However, it is unclear how much
of this is intrinsic and how much is due to instrumental
differences, since the “variability-to-noise” ratio (that is,
F,../o..), decreases toward longer wavelengths in the ultra-
violet, so that this experiment was less sensitive to rapid
variations at longer ultraviolet wavelengths.

3.3. Zero-Lag Correlation between W ave Bands

Because there was no measurable interband phase lag
(see § 3.4), a slightly different view may be obtained by mea-
suring the zero-lag correlations between variations in differ-
ent wave bands. To investigate this, fluxes in a number of
comparison bands (100 keV, 1.5 keV, 1330 A, 1820 A, 2688
A, and 5125 A) were correlated with the 1275 A fluxes. For
each of the comparison bands, each flux point was paired
with the average of the two 1275 A flux points measured
immediately before and after that point, and 1275 A uncer-
tainties were taken to be the average of the uncertainties
measured for the two data points.

The results are plotted in Figure 4. The number of points
(N), linear correlation coefficient (r), Spearman rank corre-
lation coefficient (rg), t-statistic, and y-intercept are tabulat-
ed in Table 3. The 100 keV fluxes (¢t ~ 1) show no
correlation with 1275 A (or with any other band, for that
matter). This could suggest that the processes producing the
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F1G6. 4—Plots of the correlation between continuum fluxes at bands centered on 1275 A and 100 keV, 1.5 keV, 13304, 18204, 2668 A, and 5125A. The
ultraviolet and gamma-ray data are not significantly correlated, but all of the other bands show a significant correlation. The solid lines are unbiased
least-squares fits to the data. The regression lines with the long-wavelength ultraviolet have a positive y-intercept, while the ultraviolet-1.5 keV X-ray
regression has a positive x-intercept.
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TABLE 3
INTERBAND ZERO-LAG CORRELATION

Band N r rg t y-Intercept
100 keV...... 9 033 037 1.04
17 060 0.6 2.64 —8.76
176 096 095  38.11 193
176 090 086 2254 12.11
2688 A ....... 168 069 070 1247 10.18
5125A....... 18 065 059 2.95 721

gamma rays are unrelated to those at work at lower ener-
gies, especially given the relatively low NVA of the gamma
rays. The data are strongly correlated on these short time-
scales in all other cases, although the optical and X-ray
correlations are a bit marginal, with ¢ = 2.95 for 18 points
and t = 2.64 for 17 points, respectively. Note that Perola et
al. (1986) found a similar ultraviolet/X-ray zero-lag corre-
lation in previous data over longer (~1 yr) timescales,
although it was claimed that correlation broke down at the
high flux levels seen in this experiment. Following the
regression line to zero flux at 1275 A yields a positive excess
at all wave bands except 1.5 keV X-rays. This means that if
one models the flux at each wave band as a combination of
a nonvariable component and a variable component pro-
duced by reprocessing emission from the other wave band,
the variable component is always at shorter wavelengths,
and the nonvariable component becomes a progressively
larger fraction of the total flux as the wavelength increases.

3.4. Multiwavelength Phase Lags

The most detailed analysis undertaken with these data
was to measure temporal cross-correlation functions
between wave bands. If emission in one band is reprocessed
to another without feedback, measurement of an interband
lag would provide an important confirmation, and indicate
which were the primary and secondary bands. This inten-
sive monitoring of NGC 4151 is clearly better suited for this
test than any previous campaign. Unfortunately, even in
these data, the 1.5 keV X-rays, which show the strongest
variations, are clearly undersampled, having been observed
at a temporal frequency only one-tenth that in the ultraviol-
et. The differences between the sampling, variability levels,
and signal-to-noise ratios in the different wave bands
present problems for measuring the interband lag. Below, a
detailed analysis is presented of two independent techniques
used to measure the interband correlations and lags: the
interpolation and discrete correlation functions.

3.4.1. The Interpolation Cross-Correlation Method

Cross-correlation functions were computed using the
interpolation cross-correlation function (ICCF) method of
Gaskell & Sparke (1986), as subsequently modified by
White & Peterson (1994). As described by Gaskell & Peter-
son (1987), the cross-correlation function was determined
by first cross-correlating the real observations from one
time series with values interpolated from the second series.
The calculation was then performed a second time, using
the real values from the second series and interpolated
values from the first series. The final cross-correlation func-
tion was then taken to be the mean of these two calculated
functions. A sampling grid spacing of 0.05 day was used
because that is approximately the mean interval between
the ultraviolet observations. Because the X-ray and optical

Vol. 470

continuum light curves are much well sampled than the
ultraviolet light curves, the X-ray and optical cross-
correlations with the 1275 A ultraviolet light curve were
performed by interpolating only in the ultraviolet light
curve. That is, the computed cross-correlation functions are
based on the real X-ray and optical points and interpolated
(or regularized) ultraviolet points, and no interpolation of
the X-ray or optical data was performed.

3.4.2. The z-Transformed Discrete Correlation Function Method

The cross-correlation functions for the various contin-
uum bands were similarly calculated by the z-transformed
discrete correlation function (ZDCF) method (Alexander
1996), which is related to the discrete correlation function
(DCF) of Edelson & Krolik (1988). This method is rather
more general than the ICCF, since (a) it does not require
any assumptions about the continuum behavior between
the actual observations and (b) it is possible to reject data
pairs at zero lag (e.g., two points in different wave bands,
measured from one spectrum) and thus avoid false zero-lag
correlations that might arise from correlated flux errors.
The ZDCEF differs in a number of ways from the DCF, a
notable feature being that the data are binned by equal
population rather than into time bins of equal width dz.

One advantage of this technique is that it allows direct
estimation of the uncertainties on the lag without the use of
more assumption-dependent Monte Carlo simulations. The
maximum likelihood error estimate on the position of the
true cross-correlation function peak (A7, ) is a 68% fiducial
confidence interval, meaning that it contains the peaks of
68% of the likelihood-weighted population of all possible
cross-correlation functions (Alexander 1996). Phrased more
loosely, the confidence interval is where 68% of the cross-
correlation functions that are consistent with the ZDCF
points are likely to reach their peaks. The accuracy of this
error estimate is limited by the assumption that the dis-
tributions of the true cross-correlation points around the
ZDCF points are independently Gaussian, which is only
approximately true, but it does not require any further
a priori assumptions about the nature of the variations or
transfer function between bands.

3.4.3. Results

The various columns in Table 4 give the results obtained
by cross-correlating the specified light curve with the 1275
A light curve. The parameter r,,,, is the maximum value of
the cross-correlation function, which occurs at a lag 7,.,,.
Table 4 also gives the centroid of the cross-correlation func-
tion, 7 ., Which is based on all points with r > 0.5r,,. The
computed cross-correlation functions are shown in Figure 5
(ICCF) and Figure 6 (ZDCF).

The measured ranges of Aty of the various bands with
1275 A (—0.20 to +0.26 day for the 1.5 keV X-rays, —0.14
to +0.01 day for 1820 A, —0.05, to +0.22 day for 2688 A,
—0.78 to 0.53 day for 5125 A) are all consistent with zero
measurable lag. Thus, we have assigned conservative upper
limits on the lags of 1275 A with 1.5 keV of Aty < 0.3 day,
with other ultraviolet bands of Aty < 0.15 day, and with
5125 A of Atyy, < 1 day. The physical significance of these
limits is discussed in § 4.

3.5. Broadband Spectral Energy Distributions

Figure 7 gives a broadband gamma-ray—optical snapshot
SED, constructed by combining nearly simultaneous obser-
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TABLE 4
CRross-CORRELATION RESULTS
Soft X-Ray Mid-UV Near-UV Optical
Parameter Method (1-2 keV) (1820 A) (2688 A) (5125 A)
T eeveeeeeennns ICCF 0.82 0.87 0.70 0.69
ZDCF 0.71 0.87 0.65 0.57
Tpear(days) ....... ICCF —0.25 —0.01 +0.00 —0.05
ZDCF +0.07 —0.05 +0.02 —0.05
Toem (days)....... ICCF —0.06 —0.04 +0.10 +027
ZDCF —0.02 —0.08 +0.08 +0.30
Aty (days)...... ZDCF +0.19, —0.27 +0.06, —0.09 +0.20, —0.07 +0.58, —0.73
vations consisting of the Wise spectrum taken on MJD 25.6, The quantity vL, is given by
IUE spectra LWP 26907 and SWP 49441 taken near MID L = 47D*vS %)
26.0, the ROSAT observation centered at MJD 26.0, and Vhy = ARLTVO,, (

ASCA observation 1, centered near MJD 26.0. Because of
the weak variability and low signal-to-noise ratio in the
gamma-ray band, the CGRO spectrum was integrated over
the entire campaign to produce the high-energy SED. Addi-
tional (nonsimultaneous) infrared data from Edelson,
Malkan, & Rieke (1987) were used in the spectral fits (§ 4.2)
but are not shown in Figure 7. The data plotted are mono-
chromatic luminosities, vL,, as a function of frequency, v.

Delay (days)

Fi16. 5.—Interpolated cross-correlation functions between 1275 and
1275 A (top panel; autocorrelation), 1.5 keV (second panel), 1820 A (third
panel), 2688 A (fourth panel), and 5125 A (bottom panel). In all cases the
peaks are consistent with zero lag.

where S, is the flux density and D = 20 Mpc is assumed to
be the distance to NGC 4151 (Tully 1988).
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FiG. 6.—Discrete cross-correlation functions between 1275 and 1275 A
(top panel; autocorrelation), 1.5 keV (second panel), 1820 A (third panel),
2688 A (fourth panel), and 5125 A (bottom panel). In all cases the peaks are
consistent with zero lag.
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F1G. 7.—Spectral energy distribution of NGC 4151. Plotted quantities
are monochromatic luminosity (4nD?vS,) as a function of frequency.
Optical, ultraviolet, X-ray, and gamma-ray data are taken from obser-
vations made near MJD 26. The asterisks show the rms variability in the
observing bands listed in Table 2, in terms of monochromatic luminosity.

The SED of any Seyfert 1 galaxy is of course a com-
bination of a number of components, and in particular we
note that starlight from the underlying Sab galaxy of NGC
4151 contributes a significant amount of the optical/
infrared flux. Peterson et al. (1995) estimated that the under-
lying galaxy produced a flux of 19 mJy at 5125 A in the
10" x 15” Wise aperture, in good agreement with the inde-
pendent result reached in Paper II of this series. This corre-
sponds to approximately 25% of the 5125 A flux at the light
levels seen in this campaign, so the 5125 A NVA of the
nuclear component (excluding starlight) is approximately
1.33 times the observed value quoted in Table 2. For a
normal Sab galaxy, approximately 42% of the light at 6925
A, 31% of the light at 6200 A, 21% of the light at 4600 A,
and 4% of the light at 2688 A would be due to starlight.

Finally, we note one other important feature in the SED:
The soft X-rays show significant absorption due to line-of-
sight gas intrinsic to NGC 4151 (evident below 4 keV) and
in our own Galaxy (evident below 0.3 keV). Spectral fits
indicate that approximately 90%-95% of the 1-2 keV lumi-
nosity appears to have been absorbed by gas along the line
of sight (see Paper III for details), although this result is
model dependent. This would imply that the intrinsic 1-2
keV luminosity is 10-20 times that observed. Possible
sources of the intrinsic absorption include partial covering
by cold gas (e.g., Holt et al. 1980; Yaqoob, Warwick, &
Pounds 1989; Yaqoob et al. 1993) or absorption in a warm,
ionized medium (Weaver et al. 1994a; 1994b; Warwick,
Done, & Smith 1996). Similar behavior has been seen in the
SED of NGC 3783 obtained during the “ World Astronomy
Day” campaign (Alloin et al. 1995). A smaller fraction
(~35%) of the 2-10 keV flux is apparently absorbed, but
unfortunately the data are inadequate to characterize the
variability in this band.

3.6. Summary of Observations

NGC 4151 was monitored intensively with IUE,
ROSAT, ASCA, CGRO, and ground-based optical tele-
scopes for ~ 10 days in 1993 December. These observations
provided the most intensively sampled multiwavelength
light curve of an AGN to date. The major new obser-
vational results are as follows:

EDELSON ET AL.
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1. NGC 4151 showed strong variability from the optical
through gamma-ray bands during this period. The optical/
ultraviolet/X-ray light curves are similar but not identical,
with no detectable lags between variations in the different
bands. The upper limits on the lags are, between 1275 A and
1.5 keV, 0.3 day; between 1275 and 5125 A <1 day; and
between 1275 A and the other ultraviolet bands, <0.15 day.
The 100 keV variations are not clearly related to those in
any other band.

2. The strongest variability was seen in the medium-
energy X-rays, with the 1-2 keV band showing an NVA of
24%. The variations were systematically weaker at lower
energies, with NVAs of 9%, 5%,4%, and 0.5% at 1275, 1820,
2688, and 5125 A, respectively. However, the 100 keV light
curve showed an NVA of only 6%, and the soft (<1 keV)
X-rays showed no detectable variability. The observed
luminosity (as opposed to fractional) variability was seen to
be lowest in the 1.5 keV band, apparently due to strong
X-ray absorption along the line of sight.

3. The PDS of all four ultraviolet bands are similar,
showing no evidence for periodicity, but instead being well
modeled as a power law with P(f)oc f~25. The intrinsic
slope is even steeper, making the short-timescale ultraviolet
PDS of NGC 4151 the reddest AGN PDS observed to date.

4. The broadband SED shows a strong deficit in the soft/
mid-X-ray, which is well fitted as a factor of ~ 15 absorp-
tion by gas on the line of sight.

Finally, the character of the multiwavelength variability
in the Seyfert 1 NGC 4151 appears to differ markedly from
the only other AGN monitored with similar intensity. The
BL Lac object PKS 2155—304 was observed continually
for ~3 days at ultraviolet (Urry et al. 1993), X-ray
(Brinkmann et al. 1994), and optical (Courvoisier et al. 1995)
wave bands. Multiwavelength analysis by Edelson et al.
(1995) found that the X-ray, ultraviolet, and optical varia-
tions were almost identical in amplitude and shape, but that
the X-ray variations led those in the ultraviolet and optical
by ~2-3 hr. For these observations of NGC 4151, and
other Seyfert 1s observed over longer timescales (e.g., Clavel
et al. 1991), the light curves do show significant differences
between wave bands, with NVA a strong function of energy,
but no lag has been measured between variations at differ-
ent bands. This is an observed (and therefore model-
independent) example of an intrinsic difference between
Seyfert 1s and BL Lac objects.

4. DISCUSSION

These results have important implications for models
that attempt to explain the ultraviolet emission from AGN.
There are currently two broad classes of such models. The
first hypothesizes that the bulk of the ultraviolet luminosity
is produced internally by viscosity in the inner regions of an
accretion disk surrounding a central black hole, and the
second that the observed ultraviolet emission is produced in
gas illuminated and heated by the source that we observe at
high energies. Of course, the true picture could be a com-
bination of these processes, a hybrid in which both intrinsic
emission from an accretion disk and reprocessing of X-ray
emission are important (and, indeed, may feed back upon
each other), or, conversely, it may be that neither of these
models is relevant.
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4.1. Mass and Size Scales

Although the specific processes responsible for AGN
emission have not been clearly identified, there is broad
support for the general model of a black hole and accretion
disk (see § 1). In this model, the emission from normal
(nonblazar, radio-quiet) Seyfert 1s like NGC 4151 is
relatively isotropic, not significantly Doppler-boosted
or beamed toward Earth. In this case, it is possible
to use variability to place relatively model-independent
limits on the central black hole mass (and therefore the size
scale).

The most general is the Eddington limit, which requires
only that the source be stable, gravitationally bound, and
possess a high degree of spherical symmetry. The minimum
central mass given by this limit is

LE O,
F™ 4nGem,’ 3)
where Ly and My are the Eddington luminosity and mass,
o, is the Thomson cross section, and m, is the proton mass.
Since the integrated luminosity of NGC 4151 is ~4 x 10*3
ergs s~ !, the Eddington mass is My ~ 3 x 10° M.

For a source surrounding a black hole of mass Mgy, and
Schwarzschild radius Rg, the minimum variability timescale
(tmin) can be estimated from the size (r,;,) of the smallest
stable orbit, which is

Tein X Clmin & 3Rg &~ 6GMpy/c? )

for a Schwarzschild black hole. For Mgy = Mg~ 3 x 10°
M o, this implies r,,;, =3 x 10*! cm or t,;, = 10 s, which is
not a significant constraint on data which were sampled
every hour.

A larger but more model-dependent constraint assumes
Keplerian orbits and uses the correlation between the
widths of emission lines and the distances estimated from
their lags to estimate the central mass. In the form in which
this estimate is generally presented, the inferred mass is the
true mass if the clouds travel on circular orbits. If the clouds
are gravitationally bound, but nongravitational forces (e.g.,
radiation pressure or hydrodynamics) affect cloud motions,
the real mass is greater than this estimate; if the motions are
unbound, the real mass is smaller than this estimate. Clavel
et al. (1987, 1990) used this method to derive a central mass
of M ~ 4 x 10" M, for NGC 4151. This corresponds to a
smallest stable orbit of r,;, ® 4 x 10** ¢cm = 20 It-minutes.
Again, this relatively weak constraint is not significant for
these data.

4.2. Thermal Accretion Disk Models

If the ultraviolet/optical continuum is optically thick
thermal emission, the variability amplitudes can be used to
constrain the temperature distribution. The simplest non-
trivial general case is a flat, azimuthally symmetric disk with
a local blackbody temperature that drops with radius as
some power law: T(r) = Ty(r/r,)”* When a = 3, this is a
fair approximation of a standard accretion disk, except at
the smallest radii. By contrast, in a disk that radiates pre-
dominantly by reprocessed energy (see § 4.3), « can be
smaller, depending on the geometry of both the disk and the
source of the primary radiation. If the local emission is
described by a blackbody, the contribution of an annulus to
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the total disk flux density at a given frequency v is

x2 2/a—1
S, oc f X dx )

-Xx
., e —1

where x = hv/kT(r), and the starting and ending points of
the integral are defined by the temperatures at the inner and
outer radii of the ring. The increasing amplitude of varia-
tions with observing frequency is then naturally attributed
to changing emission from the hotter regions (that is, the
inner disk radii).

There is a test of the simplest case that produces simulta-
neous multiwavelength variations, in which the emission
from the outer disk (x > x,) is constant, and all of the varia-
bility is produced by a complete, simultaneous modulation
of the emission from the inner disk (0 < x < x,). The only
free parameter is the radius that separates the variable and
constant parts of the disk, and this can be determined from
the NVA at a single wavelength. For example, using the
1275 A variability amplitude of 8.6% gives x, = 0.50 for
« = 3 or x, = 1.38 for « = 4. This corresponds to a bound-
ary at the disk rdius, where the temperature is 215,000 or
78,000 K, respectively. The last two columns of Table 2
show how the percentage flux would increase if all of the
emission inside this radius (the putative variable
component) doubled, including the effects of starlight.
There is good agreement between the simple thermal model
and the observed wavelength dependence of the variability
amplitude for the standard accretion disk case, & = 3. This
is not a strong function of how the inner boundary is
chosen; for the o = 3 case, truncating the integration to
between x; = 0.7 and x, = 1.38 changes the result by only
20%.

The success of this simple exercise motivated the fitting of
the ultraviolet/optical SED with a standard model of a geo-
metrically thin, optically thick accretion disk (e.g., following
the formalism of Sun & Malkan 1989). Aside from the star-
light, no additional long-wavelength component was
included in the models, so no attempt was made to fit fluxes
longward of 2 um. If the disk is assumed to be viewed
face-on, and the black hole is spinning rapidly (Kerr metric),
the best-fit model parameters are Mgy = 1 x 108 M and
M = 0.01 M, yr~ 1. If, on the other hand, the black hole is
assumed stationary (Schwarzschild metric), the best-fit
parameters are My =4 x 107 My and M = 0.025 M,
yr 1. In either case, the accretion rate corresponds to 0.6%
of the Eddington rate. The black hole mass inferred from
the Schwarzschild fit agrees with the Keplerian vaue
obtained by Clavel et al. (1987, 1990). These fits give higher
weight to the higher signal-to-noise optical continuum than
to the ultraviolet continuum where the disk light dominates,
which in turn requires a hotter disk and consequently a
lower black hole mass [(1-2) x 107 M]. All the disk fits
would give significantly larger black hole masses if the disk
had a nonzero inclination.

Integrating the multi-wave-band disk emission out to a
boundary radius of R ~ 2 x 10** ¢cm ~ 0.07 It-day shows
that approximately 30%, 20%, and 5% of the total disk flux
at 1275, 2688, and 5125 A, respectively, is produced in the
inner disk. (These numbers refer to the Kerr model, but are
not very model dependent; Malkan 1991.) After correcting
for the effects of Galactic starlight in the ~ 10" aperture, the
5125 A emission from the inner disk falls to ~4%. For
Mgy ~ (0.4-1) x 108 My, this radius corresponds to
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R ~ 6-15 Ry. These tractions are approximately the same
as the largest peak-to-peak variations observed in these
bands during the intensive 10 day multi-wave-band moni-
toring campaign. Thus, one consistent explanation for the
decline in variability with increasing wavelength is that the
variations occur entirely inside the inner disk. At a distance
~0.07 lt-day from a 4 x 107 M black hole, the orbital
timescale is ~1 day, whereas the dominant fluctuations
clearly occur on longer timescales (i.e., the 1275 A peak-to-
peak variation was only 42% over the entire 10 day inten-
sive campaign). Thus, they could be associated with either
orbital mechanics or thermal fluctuations in the inner disk.
It must also be noted that this simple disk model does not
produce any X-ray emission, although this is also likely to
originate within the inner regions.

4.3. Reprocessing Models

These data also can be used to constrain models in which
the ultraviolet radiation is produced in gas that is heated by
the same X-ray continuum that we observe directly at
higher energies. In this model, time variations in the ultra-
violet and high-energy fluxes should be closely coupled: the
ultraviolet becomes stronger shortly after the high-energy
flux rises, and the high-energy flux may itself respond to
changes in the ultraviolet flux if the ultraviolet photons
provide seeds for Compton upscattering into the higher
energy band. The delays in both cases are essentially due to
the light-travel time between the two source regions. Conse-
quently, the (reprocessed) ultraviolet emission should vary
simultaneously with the (primary) X-rays on timescales
longer than the round-trip light-travel time between the
emitting regions (e.g., Clavel et al. 1992). The strong corre-
lation between the ultraviolet and X-ray variations there-
fore supports the reprocessing hypothesis. The lack of any
lag within the ultraviolet could be explained in two ways:
either the subregions responsible for variations in different
wavelengths are likewise very close to each other, or, as with
the accretion disk model, only the hottest part of the region
is varying. In the context of this model, the lack of any
detectable lag implies that the X-ray—and ultraviolet-
emitting regions are separated by <0.15 lt-day (3 x 0.3
lt-day, because the light must travel in both directions), so
the bulk of the reprocessing must occur in the central
regions. Perola & Piro (1994) applied a more detailed repro-
cessing model to earlier X-ray/ultraviolet observations and
predicted that high time resolution monitoring would
measure lags of order 0.03-0.1 day (rather close to, but still
formally consistent with, the measured limits of <0.15-0.3
day).

The reprocessing model is supported by the broad profile
of the iron Ka line, which suggests relativistic effects associ-
ated with an origin very close to a central black hole
(Yaqoob et al. 1995). However, the ASCA observations (and
previous medium-energy X-ray observations) found no evi-
dence for any significant “hard tail” in the X-ray spectrum
(Paper III; Maisack & Yaqoob 1991). While the presence of
the iron line implies reprocessing by some material, the lack
of a “reflection hump” suggests that the material is not
optically thick to Compton scattering, as would be expected
in the putative reprocessing disk.

An associated problem is the overall energy budget. The
total X-ray/gamma-ray flux must be adequate to produce
the observed ultraviolet/optical/infrared flux, and the vari-
able high-energy flux must also equal or exceed that at
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lower energies. The observed, integrated 0.1-1 um flux is
~11 x 1071° ergs cm~2 s~!. Because strong Lya and
C 1v emission indicates that the ultraviolet bump extends to
wavelengths substantially shorter than 1000 A, the intrinsic,
integrated flux is probably larger by a factor of ~ 3, corre-
sponding to a total ultraviolet/optical/infrared flux of order
30 x 10710 ergs cm ™2 s~ !. The observed, integrated 1-2
and 2-10 keV fluxes are ~0.05 x 107*%and ~2.4 x 1071°
ergs cm~2 s~ !, respectively. After correction for line-of-
sight absorption (which is particularly important at 1-2
keV), the intrinsic, integrated fluxes rise to ~0.9 x 1071
and ~3.6x1071° ergs ecm™2 s”!, for a total of
~4.5 x 1071% ergs cm™2 s~ This is not adequate to
power the lower energies, but inclusion of the CGRO data
and interpolating between ASCA and CGRO yields a
(rather uncertain) integrated 1-200 keV flux of order (15—
20) x 1071° ergs cm ™% s~*. This would be of the order of
the amount necessary to power the lower energies.
However, the fact that the gamma-ray variations differ from
those in all other wave bands suggests that the bulk of the
10-200 keV emission (which dominates the X-ray/gamma-
ray flux) arises in a component that does not fully partici-
pate in the reprocessing. In this case, the X-ray/gamma-ray
luminosity would still be a factor of order 3 too small, so at
most ~3 of the observed infrared/optical/ultraviolet flux
could be due to reprocessing. However, this cannot be inde-
pendently verified because the ASCA sampling above 2 keV
is inadequate to characterize the variability, and indeed the
entire 10-50 keV spectrum is interpolated, not observed.
Although the absolute X-ray luminosity changes are
observed to be small compared to those in the ultraviolet/
optical, spectral fits indicate that the X-rays are highly (a
factor of ~15-20) absorbed, and the intrinsic, absorption-
corrected variations have more than enough power to drive
the ultraviolet/optical variations. However, the NVA, which
measures the fractional (as opposed to absolute) variations,
is 24% in the X-rays, while it is only 9%, 5%, 4%, and 1% at
1275, 1820, 2688, and 5125 A, respectively. This indicates
that at most 35%, 20%, 15%, and 4% of the emission at
1275, 1820, 2688, and 5125 A could be due to reprocessing,
with the rest coming from a component with different
(slower) variability. As with the previous analysis, this
would indicate that at most ~3% of the ultraviolet/optical/
infrared can be reprocessed emission from higher energies.

4.4. Summary

This campaign, the most intensive sampling of any AGN
made to date, has yielded important constraints on the
physical conditions and processes producing the emission
from NGC 4151.

1. NGC 4151 showed significant variability over time-
scales of days, so the emitting region must be smaller than
of order a few light-days across, assuming the emission is
not beamed. The limits on the interband lags indicate that,
if there is reprocessing of flux between bands, none of the
emission regions could be larger than ~0.15 lt-day. The
lower limit to the central black hole mass derived from the
Eddington limit is small (Mg 2 3 x 10° M), correspond-
ing to a minimum variability time of only 10 s, which is not
a significant constraint.

2. Accretion disk fits to the SED yield a central black
hole with a mass of (0.4-1) x 108 M, accreting well below
the Eddington limit. The fact that the low NVAs decrease
from medium-energy X-ray to ultraviolet to optical wave
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bands is consistent with the accretion disk model if the bulk
of the variable ultraviolet/optical emission originates in a
region ~0.07 lt-day (~ 10R) from the center. This model
gives no immediate explanation of the link between ultra-
violet and X-ray variations.

3. The reprocessing model predicts a strong correlation
between ultraviolet and X-ray variability, which is
observed. Because the NVAs become systematically smaller
at longer wavelengths, and because the absorption-
corrected X-ray/gamma ray luminosity is only much
smaller than in the ultraviolet/optical/infrared, at most ~3
of the lower energy emission could be produced by repro-
cessing.

This suggests that perhaps the ultraviolet arises in a disk
powered partially by illumination by an X-ray source and
partially by internal viscosity and accretion. Determining
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the exact mix of these emission components will require
probing the ultraviolet/X-ray bands at the shortest acces-
sible timescales. It is of particular importance to extend the
coverage to the gap at X-ray energies harder than 2 keV.
This is the goal of the just completed coordinated X-Ray
Timing Explorer (X TE)/IUE/ground-based observations of
NGC 7469, scheduled for the middle of 1996, and it is hoped
that they will shed further light on this important question.
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