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ABSTRACT
We present the results of 3 yr of ground-based observations of the Seyfert 1 galaxy NGC 5548, which,

combined with previously reported data, yield optical continuum and broad-line Hb light curves for a
total of 8 yr. The light curves consist of over 800 points, with a typical spacing of a few days between
observations. During this 8 yr period, the nuclear continuum has varied by more than a factor of 7, and
the Hb emission line has varied by a factor of nearly 6. The Hb emission line responds to continuum
variations with a time delay or lag of D10È20 days, the precise value varying somewhat from year to
year. We Ðnd some indications that the lag varies with continuum Ñux in the sense that the lag is larger
when the source is brighter.
Subject headings : galaxies : active È galaxies : individual (NGC 5548) È galaxies : nuclei È

galaxies : Seyfert

1. INTRODUCTION

The observed time delays between continuum and
emission-line Ñux variations can be used to determine the
size and structure of the broad-line region (BLR) in active
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galactic nuclei (AGNs) through the process known as
““ reverberation mapping ÏÏ (Blandford & McKee 1982). It is
assumed that the continuum light curve C(t) and emission-
line light curve L (t) are related as

L (t) \
P

((q)C(t [ q) dq , (1)

where ((t) is the ““ transfer function,ÏÏ which depends on the
geometry and reprocessing physics of the BLR. The aim of
reverberation mapping is to use the observed light curves
C(t) and L (t) to solve for ((q) and thus infer the geometry of
the BLR. On account of the amount and quality of data
required to determine ((q) uniquely, reverberation-
mapping studies are still in a state of relative infancy, and it
is far more common to obtain only a cross-correlation func-
tion (CCF) between the continuum and emission-FCCF(q)line light curves. By convolving equation (1) with C(t), it is
simple to show that

FCCF(q) \
P

((q@)FACF(q[ q@) dq@ , (2)

where is the continuum autocorrelation functionFACF(q)(Penston 1991 ; Peterson 1993). It can also be shown that
the centroid of the CCF is a measure of the emissivity-
weighted mean radius of the variable part of the BLR
(Koratkar & Gaskell 1991). Therefore, even a relatively
unsophisticated time-series analysis can give us an appro-
priate scale length for the BLR by simply measuring the
time-delayed response of an emission line to continuum
variations and interpreting this time delay as due to light
travel-time e†ects within the BLR.

Over the last decade, high-intensity spectroscopic moni-
toring programs have led to determination of characteristic
emission-line response times for about two dozen mostly
low-luminosity AGNs (see Netzer & Peterson 1997 for a
recent review). The most extensive of these various e†orts is
a continuing program of optical ground-based monitoring
of the bright Seyfert galaxy NGC 5548 that has been carried
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out by the International AGN Watch consortium (Alloin et
al. 1994). This program was initiated in late 1989 (Peterson
et al. 1991) in support of a massive International Ultraviolet
Explorer (IUE) monitoring program (Clavel et al. 1991).
The ground-based program has continued uninterrupted
since then, and it has also supported a second large multi-
wavelength project involving both Hubble Space Telescope,
IUE (Korista et al. 1995), as well as the Extreme Ultraviolet
Explorer (Marshall et al. 1997). Five years of ground-based
data on optical continuum (at 5100 and broad HbA� )
emission-line variations in NGC 5548 have already been
published (Peterson et al. 1991, 1992, 1994 ; Korista et al.
1995). In this contribution, we present an additional 3 yr of
ground-based optical data on this source.

The principal aim of continuing this program is to search
for changes in the BLR on a dynamical timescale that might
be manifest in changes in the Hb response time or in the
emission-line proÐles. This program also provides well-
sampled continuum observations over an extended period,
which may ultimately provide important clues about the
origin of the continuum and its variability.

As is customary for the papers in this series, we will focus
primarily on the data and the salient results of cross-
correlation analysis of the continuum and emission-line
light curves. Further in-depth analysis will be left to other
papers. In ° 2 we describe the observations, data reduction,
and intercalibration procedures that we have used to con-
struct a homogeneous database of optical continuum and
Hb emission-line Ñuxes. In ° 3, we describe the time-series
analysis that we have undertaken to determine the timescale
for response of Hb to continuum variations. Our results are
summarized in ° 4.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Spectroscopic Observations
Spectroscopic observations were obtained between UT

1993 November 17 (Julian Date \ JD 2,449,309) and 1996
October 16 (JD 2,450,373), covering three separate observ-
ing seasons on NGC 5548. Throughout this paper we will
refer to the interval 1993 November to 1994 October (JD
2,449,309 to JD 2,449,636) as year 6, 1994 November to
1995 October (JD 2,449,679 to JD 2,450,008) as year 7, and
1995 November to 1996 October (JD 2,450,044 to JD 2,450,
373) as year 8. During this 3 yr period, a total of 309 spectra
covering at least the Hb region of the spectrum were

obtained with CCD spectrographs on a wide variety of
telescopes, as summarized in Table 1. Column (1) gives a
code for each data set ; these are the same codes that have
been used throughout the NGC 5548 monitoring project.19

The spectroscopic images were processed by individual
observers in standard fashion for CCD frames, including
bias subtraction, Ñat-Ðeld correction, wavelength cali-
bration, and Ñux calibration based on standard-star obser-
vations. However, the usual technique of Ñux calibration by
comparison with standard stars is far too poor for AGN
variability studies, since even under nominally photometric
conditions, AGN spectrophotometry is rarely more accu-
rate than D10%. We therefore rely on standard-star cali-
bration only for relative calibration, i.e., relative Ñux as a
function of wavelength. Absolute calibration is based on the
prominent narrow [O III] j5007 emission line. The narrow
emission lines arise in a lower density region that is quite
compact but still signiÐcantly larger than the BLR
(Kraemer et al. 1998 ; Sergeev et al. 1997). The larger spatial
extent and long recombination time mean that [O III] j5007
Ñux variations on the timescales discussed here will be
undetectable. We therefore assume that the [O III] j5007
line remains constant in Ñux and can be used as an internal
Ñux calibrator. All spectra are scaled to a constant Ñux of
F([O III j5007)\ 5.58] 10~13 ergs s~1 cm~2. This absol-
ute Ñux was determined from spectra made under photo-
metric conditions during the Ðrst year of this program
(Peterson et al. 1991). We have also measured the [O III]
j5007 Ñux for the new spectra that were obtained through
large spectrograph entrance apertures under photometric
conditions, and these results are given in Table 2. This is a
conservative list, in that have we included only data where
the observer recorded that the observing conditions
appeared to be of photometric quality. These measurements
suggest that the calibration that we have used for all 8 yr
might be too high by no more than a few percent, but there
is no real evidence for time variability of the [O III] j5007
Ñux. We note, however, that some evidence for low-
amplitude variability of [O III] j5007 on timescales of single
observing seasons (D200 days) has been claimed (Sergeev
et al. 1997), but this has little if any e†ect on the results
reported here.

19 The light curves and complete logs of observation, as have been
published in our previous papers on NGC 5548, are available in tabular
form at URL http ://www.astronomy.ohio-state.edu/Dagnwatch/. All pub-
licly available International AGN Watch data can be accessed at this site,
which also includes complete references to published AGN Watch papers.

TABLE 1

SOURCES OF SPECTROSCOPIC OBSERVATIONS

Data Set Telescope and Instrument Number of Spectra
(1) (2) (3)

A . . . . . . . . 1.8 m Perkins telescope] Ohio State CCD spectrograph 95
B . . . . . . . . 1.0 m Wise Observatory telescope ] CCD spectrograph 4
D . . . . . . . . 5.0 m Hale telescope] double spectrograph 2
F . . . . . . . . 1.5 m Tillinghast reÑector] FAST spectrograph 89
H . . . . . . . . 3.0 m Lick telescope] Kast spectrograph 30
J . . . . . . . . . 2.1 m McDonald] Cassegrain grating spectrograph 2
L . . . . . . . . 6 m Special Astrophysical Observatory telescope ] CCD spectrographs 2
M . . . . . . . 3.5 and 2.2 m Calar Alto telescopes] CCD spectrograph 2
R . . . . . . . . 1.5 m Loiano telescope] CCD spectrograph 2
W . . . . . . . 2.6 m Shajn telescope] CCD spectrograph 76
Y . . . . . . . . 2.2 m Beijing Astronomical Observatory ] CCD spectrograph 4
Z . . . . . . . . 3.6 m ESO telescope] CCD spectrograph 1
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TABLE 2

ABSOLUTE CALIBRATION CHECK

F([O III] j5007)
(10~13 ergs s~1 cm~2) File Name UT Date

5.02 . . . . . . . . . . . . . . . . . . . . . n59326a 1993 Dec 4
5.09 . . . . . . . . . . . . . . . . . . . . . n59332a 1993 Dec 10
5.04 . . . . . . . . . . . . . . . . . . . . . n59447h 1994 Apr 4
4.66 . . . . . . . . . . . . . . . . . . . . . n59457a 1994 Apr 15
5.11 . . . . . . . . . . . . . . . . . . . . . n59464a 1994 Apr 22
5.22 . . . . . . . . . . . . . . . . . . . . . n59506h 1994 Jun 3
5.30 . . . . . . . . . . . . . . . . . . . . . n59513a 1994 Jun 10
5.86 . . . . . . . . . . . . . . . . . . . . . n59519h 1994 Jun 13
5.88 . . . . . . . . . . . . . . . . . . . . . n59548h 1994 Jul 15
6.37 . . . . . . . . . . . . . . . . . . . . . n59568h 1994 Aug 4
5.43 . . . . . . . . . . . . . . . . . . . . . n59861h 1995 May 24
5.49 . . . . . . . . . . . . . . . . . . . . . n59903a 1995 Jul 5
5.50 . . . . . . . . . . . . . . . . . . . . . n59905h 1995 Jul 7
5.22 . . . . . . . . . . . . . . . . . . . . . n59923a 1995 Jul 25
5.29 . . . . . . . . . . . . . . . . . . . . . n59958a 1995 Aug 29
5.75 . . . . . . . . . . . . . . . . . . . . . n50060a 1995 Dec 9

5.39^ 0.42 . . . . . . . . . . . . . Mean value from years 6È8
5.58^ 0.27 . . . . . . . . . . . . . Adopted absolute Ñux

Once a standard [O III] j5007 Ñux has been adopted, all
of the spectra are adjusted in Ñux to have this value. We
have done this by employing the spectral scaling software
described by van Groningen & Wanders (1992). We adopt
a high-quality spectrum that has been scaled by a multipli-
cative constant to the adopted [O III] j5007 Ñux as a
““ reference and all other spectra are scaled rela-spectrum,ÏÏ
tive to it in a least-squares fashion that minimizes the [O III]
residuals in the di†erence spectrum produced by subtrac-
ting the reference spectrum from each program spectrum.
This program also corrects for small zero-point wavelength-
calibration errors between the individual spectra and takes
resolution di†erences into account.

At this point, measurements of each of the spectra are
made. The continuum Ñux at D5100 (in the rest frame ofA�
NGC 5548, z\ 0.0167) is determined by averaging the Ñux
in the 5185È5195 bandpass (in the observed frame). TheA�
Hb emission-line Ñux is measured by assuming a straight
underlying continuum between D4790 and D5170 andA�
integrating the Ñux above this continuum between 4795 and
5018 (all wavelengths in the observed frame). The long-A�
wavelength cuto† of this integration band misses some of
the Hb Ñux underneath [O III] j4959, but this avoids the
need to estimate the Fe II contribution to this feature and
still gives a good representation of the Hb variability. We
also note that no attempt has been made to correct for
contamination of the line measurement by the narrow-line
component of Hb, which is of course expected to be con-
stant. Recent estimates of the strength of narrow-line Hb
range between 0.12F([O III] j5007) (Kraemer et al. 1998)
and 0.151F([O III] j5007) (Wanders & Peterson 1996), in
any case typically only D10% of the measured Hb Ñux.

Even after scaling all of the spectra to a common value of
the [O III] j5007 Ñux, there are systematic di†erences
between the light curves produced from data obtained at
di†erent telescopes. As in our previous papers, we correct
for the small o†sets between the light curves from di†erent
sources in a simple, but e†ective, fashion. We attribute these
small relative o†sets to aperture e†ects (Peterson et al.

1995), although the procedure we use also corrects for other
unidentiÐed systematic di†erences between data sets. We
deÐne a point-source correction factor r by the equation

F(Hb)true\ rF(Hb)observed . (3)

This factor accounts for the fact that di†erent apertures
result in di†erent amounts of light loss for the point-spread
function (which describes the surface-brightness distribu-
tion of both the broad lines and the AGN continuum
source) and the partially extended narrow-line region. We
note, of course, that this correction factor is in fact a func-
tion of seeing (Peterson et al. 1995). We do not attempt to
correct for seeing e†ects, and this is probably our largest
single source of uncertainty.

After correcting for aperture e†ects on the point-spread
function to narrow-line ratio, another correction needs to
be applied to adjust for the di†erent amounts of starlight
admitted by di†erent apertures. An extended source correc-
tion G is thus deÐned as

Fj(5100 A� )true \ rFj(5100 A� )observed [ G . (4)

Intercalibration of the various data sets is then accom-
plished by comparing pairs of nearly simultaneous obser-
vations from di†erent data sets to determine for each data
set the values of the constants r and G, which are needed to
adjust the emission-line and continuum Ñuxes to a common
scale. Furthermore, the formal uncertainties in r and G
reÑect the uncertainties in the individual data sets, so we
can determine the nominal uncertainties for each data set if
we assume that the errors add in quadrature. In practice,
the interval which we deÐne as ““ nearly simultaneous ÏÏ is
typically 1 or 2 days, which means that any real variability
that occurs on timescales this short tends to be somewhat
suppressed by the process that allows us to merge the di†er-
ent data sets.

As in our previous work, the data are adjusted relative to
data set because these data are fairly extensive, overlap““ A,ÏÏ
well with most of the other data sets, and were obtained
through a reasonably large aperture Fractional(5A.0 ] 7A.5).
uncertainties of andpcont/Fj(5100 A� ) B 0.020 pline/F(Hb)B

for the continuum and Hb line, respectively, are0.020
adopted for the similar, large-aperture, high-quality data
sets ““ A ÏÏ and based on the di†erences between closely““ H,ÏÏ
spaced observations within these sets (see also Peterson et
al. 1998a). For the other data sets, it was possible to esti-
mate the mean uncertainties in the measurements by com-
paring them to measurements from other sets for which the
uncertainties are known and by assuming that the uncer-
tainties for each set add in quadrature.

The intercalibration constants we use for each data set
are given in Table 3, and these constants are used with
equations (3) and (4) to adjust the spectral measurements.
We note that it was not possible to Ðnd a single set of
correction factors for the data in set probably on““ F,ÏÏ
account of modiÐcations to the instrument made during
this period (Fabricant et al. 1998). We have thus determined
separate intercalibration constants for each of the 3 yr.

The Ðnal continuum and Hb emission-line[Fj(5100 A� )]
Ñuxes are given in Table 4. Simultaneous (to within 0.1 day)
measurements were averaged, weighted by the reciprocal of
their variances. We can perform a Ðnal check of our uncer-
tainty estimates by examining the ratios of all pairs of
observations in Table 4 that are separated by 1 day or less.
There are 160 independent pairs of measurements within 1
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TABLE 3

FLUX SCALE FACTORS FOR OPTICAL SPECTRA

Point-Source
Scale Factor Extended Source Correction

Data Set (r) G(10~15 ergs s~1 cm~2 A� ~1)
(1) (2) (3)

A . . . . . . . . . . . . . . . 1.000 0.000
B . . . . . . . . . . . . . . . 0.998^ 0.013 [0.349^ 0.342
D . . . . . . . . . . . . . . . 0.983^ 0.020 [0.228^ 0.199
F (year 6) . . . . . . 0.873^ 0.055 [1.626^ 0.407
F (year 7) . . . . . . 1.028^ 0.041 [0.067^ 0.419
F (year 8) . . . . . . 0.965^ 0.035 [1.344^ 0.373
H . . . . . . . . . . . . . . . 1.000^ 0.030 0.000 ^ 0.267
J . . . . . . . . . . . . . . . . 1.025^ 0.032 0.046 ^ 0.471
L . . . . . . . . . . . . . . . 0.893^ 0.038 [1.907^ 0.748
M . . . . . . . . . . . . . . 0.759^ 0.015 [1.381^ 0.126
R . . . . . . . . . . . . . . . 0.863^ 0.025 [1.900^ 1.065
W . . . . . . . . . . . . . . 0.940^ 0.040 [1.149^ 0.388
Y . . . . . . . . . . . . . . . 1.093^ 0.084 [0.471^ 0.381
Z . . . . . . . . . . . . . . . 1.001 0.161

day. The dispersion about the mean (unity), divided by 21@2,
provides an estimate of the typical uncertainty in a single
measurement. For the continuum, we Ðnd that the mean
fractional error in a given measurement is 0.032. The
average fractional uncertainty, from the quoted estimates
for these same 160 pairs of measurements, is 0.035. Simi-
larly, for the Hb light curve, we Ðnd that the mean fractional
error in a given measurement is 0.031. The average fraction-
al uncertainty from the quoted estimates for these same 160
pairs of measurements is 0.035. These numbers imply that
our error estimates are probably quite good. The mean
fractional errors in this data set are somewhat superior to
those quoted in our earlier papers, and this is probably due
to the fact that, in contrast to the past, all of the data
reported here were obtained with CCD detectors.

2.2. Photometric Observations
In addition to the spectroscopic observations, a limited

amount of CCD photometric data also have been obtained.

FIG. 1.ÈOptical continuum (upper panel) and Hb emission-line light
curves for NGC 5548 between 1993 November and 1996 October. These
are based on 309 optical spectra and 14 photometric observations reported
here. The continuum Ñuxes are in units of 10~15 ergs s~1 cm~2 andA� ~1,
the line Ñuxes are in units of 10~13 ergs s~1 cm~2. The D20 day time delay
between continuum and emission-line variations is apparent.

TABLE 4

OPTICAL CONTINUUM AND Hb LIGHT CURVES

Julian Date Fj(5100 A� ) F(Hb)
([2,400,000) (10~15 ergs s~1 cm~2 A� ~1) (10~13 ergs s~1 cm~2)

49309.1 . . . . . . 8.37^ 0.17 6.51 ^ 0.13
49313.6 . . . . . . 8.54^ 0.28 6.94 ^ 0.26
49317.0 . . . . . . 9.32^ 0.19 6.45 ^ 0.13
49324.0 . . . . . . 9.33^ 0.19 6.34 ^ 0.13
49325.0 . . . . . . 9.59^ 0.19 6.69 ^ 0.13
49326.0 . . . . . . 9.23^ 0.19 6.73 ^ 0.14
49327.0 . . . . . . 9.14^ 0.18 6.94 ^ 0.14
49327.6 . . . . . . 8.86^ 0.29 6.68 ^ 0.25
49328.0 . . . . . . 9.24^ 0.19 6.74 ^ 0.14
49329.0 . . . . . . 9.04^ 0.18 6.86 ^ 0.14
49330.0 . . . . . . 9.27^ 0.19 6.86 ^ 0.14
49331.0 . . . . . . 9.27^ 0.19 6.78 ^ 0.14
49332.0 . . . . . . 9.05^ 0.18 6.99 ^ 0.14
49332.6 . . . . . . 9.44^ 0.31 7.02 ^ 0.27
49333.0 . . . . . . 9.30^ 0.19 6.74 ^ 0.14
49339.0 . . . . . . 9.81^ 0.20 6.91 ^ 0.14
49339.7 . . . . . . 9.64^ 0.48 6.93 ^ 0.35
49340.1 . . . . . . 9.69^ 0.19 7.15 ^ 0.14
49342.4 . . . . . . 9.78^ 0.49 7.10 ^ 0.35
49343.1 . . . . . . 9.59^ 0.19 7.03 ^ 0.14
49344.1 . . . . . . 9.91^ 0.20 7.03 ^ 0.14
49360.1 . . . . . . 9.13^ 0.18 7.12 ^ 0.14
49364.6 . . . . . . 9.02^ 0.30 7.29 ^ 0.28
49365.6 . . . . . . 8.69^ 0.29 7.43 ^ 0.28
49367.0 . . . . . . 8.48^ 0.53 7.64 ^ 0.43
49370.0 . . . . . . 8.40^ 0.52 7.33 ^ 0.41
49371.0 . . . . . . 8.74^ 0.54 7.84 ^ 0.44
49372.0 . . . . . . 9.02^ 0.56 7.15 ^ 0.40
49372.1 . . . . . . 9.38^ 0.19 7.20 ^ 0.14
49374.0 . . . . . . 9.31^ 0.58 7.26 ^ 0.41
49375.0 . . . . . . 8.98^ 0.56 7.15 ^ 0.40
49377.7 . . . . . . 8.16^ 0.41 7.05 ^ 0.35
49387.0 . . . . . . 7.79^ 0.48 6.81 ^ 0.38
49389.1 . . . . . . 8.69^ 0.17 6.83 ^ 0.14
49390.0 . . . . . . 8.00^ 0.50 6.67 ^ 0.37
49394.0 . . . . . . 7.59^ 0.47 6.53 ^ 0.37
49395.0 . . . . . . 8.15^ 0.51 6.68 ^ 0.37
49395.6 . . . . . . 8.87^ 0.29 6.53 ^ 0.25
49397.6 . . . . . . 9.11^ 0.30 6.61 ^ 0.25
49399.0 . . . . . . 8.34^ 0.52 6.53 ^ 0.37
49400.0 . . . . . . 7.64^ 0.47 6.41 ^ 0.36
49403.8 . . . . . . 8.51^ 0.17 6.49 ^ 0.13
49409.0 . . . . . . 8.51^ 0.17 6.81 ^ 0.14
49415.9 . . . . . . 9.32^ 0.19 6.78 ^ 0.14
49416.9 . . . . . . 9.40^ 0.58 6.75 ^ 0.38
49420.0 . . . . . . 9.53^ 0.59 6.58 ^ 0.37
49420.9 . . . . . . 9.45^ 0.19 7.05 ^ 0.14
49421.0 . . . . . . 9.44^ 0.59 6.99 ^ 0.39
49422.0 . . . . . . 10.12^ 0.63 6.76 ^ 0.38
49428.6 . . . . . . 9.22^ 0.30 6.88 ^ 0.26
49429.1 . . . . . . 9.19^ 0.18 7.03 ^ 0.14
49429.8 . . . . . . 9.24^ 0.19 7.04 ^ 0.14
49429.9 . . . . . . 8.68^ 0.54 6.55 ^ 0.37
49436.9 . . . . . . 9.46^ 0.19 7.17 ^ 0.14
49443.9 . . . . . . 9.90^ 0.19 7.16 ^ 0.13
49444.8 . . . . . . 9.54^ 0.59 7.37 ^ 0.41
49447.0 . . . . . . 10.32^ 0.21 7.60 ^ 0.15
49447.9 . . . . . . 10.10^ 0.63 7.35 ^ 0.41
49448.9 . . . . . . 10.56^ 0.65 7.28 ^ 0.41
49452.8 . . . . . . 10.49^ 0.65 7.55 ^ 0.42
49453.3 . . . . . . 9.66^ 0.32 7.43 ^ 0.28
49454.4 . . . . . . 9.27^ 0.31 7.57 ^ 0.29
49457.9 . . . . . . 9.41^ 0.19 7.82 ^ 0.16
49461.0 . . . . . . 8.72^ 0.17 7.50 ^ 0.15
49464.8 . . . . . . 8.74^ 0.17 7.09 ^ 0.14



TABLE 4ÈContinued

Julian Date Fj(5100 A� ) F(Hb)
([2,400,000) (10~15 ergs s~1 cm~2 A� ~1) (10~13 ergs s~1 cm~2)

49471.8 . . . . . . 8.94^ 0.18 6.67 ^ 0.13
49475.8 . . . . . . 9.54^ 0.59 6.98 ^ 0.39
49476.9 . . . . . . 10.01^ 0.62 7.68 ^ 0.43
49477.8 . . . . . . 9.57^ 0.59 7.74 ^ 0.43
49478.8 . . . . . . 9.09^ 0.18 6.26 ^ 0.12
49481.8 . . . . . . 9.64^ 0.60 6.76 ^ 0.38
49482.8 . . . . . . 8.51^ 0.53 6.32 ^ 0.35
49483.7 . . . . . . 10.14^ 0.63 6.97 ^ 0.39
49485.8 . . . . . . 9.57^ 0.19 6.88 ^ 0.14
49486.4 . . . . . . 9.25^ 0.31 6.93 ^ 0.26
49487.4 . . . . . . 9.28^ 0.31 6.97 ^ 0.26
49488.8 . . . . . . 8.81^ 0.55 6.58 ^ 0.37
49489.4 . . . . . . 9.12^ 0.30 7.13 ^ 0.27
49489.8 . . . . . . 9.22^ 0.57 6.86 ^ 0.38
49490.1 . . . . . . 9.17^ 0.30 7.39 ^ 0.28
49490.4 . . . . . . 9.21^ 0.30 6.99 ^ 0.27
49491.1 . . . . . . 9.61^ 0.32 7.17 ^ 0.27
49491.4 . . . . . . 9.33^ 0.31 7.15 ^ 0.27
49491.6 . . . . . . 9.05^ 0.56 7.12 ^ 0.40
49491.8 . . . . . . 9.91^ 0.20 7.83 ^ 0.16
49498.8 . . . . . . 10.90^ 0.22 8.09 ^ 0.16
49504.1 . . . . . . 11.16^ 0.37 8.98 ^ 0.34
49504.7 . . . . . . 11.33^ 0.70 8.02 ^ 0.45
49505.6 . . . . . . 11.07^ 0.69 8.69 ^ 0.49
49506.7 . . . . . . 11.17^ 0.21 7.99 ^ 0.15
49506.9 . . . . . . 11.47^ 0.23 7.90 ^ 0.16
49507.7 . . . . . . 11.02^ 0.68 8.37 ^ 0.47
49508.7 . . . . . . 12.06^ 0.75 8.51 ^ 0.48
49509.7 . . . . . . 11.15^ 0.69 8.30 ^ 0.47
49510.4 . . . . . . 11.10^ 0.37 8.70 ^ 0.33
49513.7 . . . . . . 10.50^ 0.20 8.32 ^ 0.16
49514.7 . . . . . . 10.88^ 0.67 8.50 ^ 0.48
49515.7 . . . . . . 9.73^ 0.60 8.29 ^ 0.46
49518.7 . . . . . . 10.03^ 0.62 8.61 ^ 0.48
49519.4 . . . . . . 9.84^ 0.32 8.32 ^ 0.32
49519.5 . . . . . . 10.18^ 0.20 8.56 ^ 0.17
49519.7 . . . . . . 10.65^ 0.66 8.57 ^ 0.48
49520.4 . . . . . . 9.54^ 0.31 8.29 ^ 0.31
49520.7 . . . . . . 10.09^ 0.19 7.87 ^ 0.15
49527.7 . . . . . . 11.00^ 0.22 8.23 ^ 0.17
49535.4 . . . . . . 11.28^ 0.37 8.44 ^ 0.32
49536.3 . . . . . . 11.69^ 0.39 8.65 ^ 0.33
49537.7 . . . . . . 11.25^ 0.70 8.55 ^ 0.48
49538.7 . . . . . . 11.08^ 0.69 8.47 ^ 0.47
49539.7 . . . . . . 11.77^ 0.73 9.02 ^ 0.50
49545.6 . . . . . . 10.97^ 0.68 8.67 ^ 0.48
49548.8 . . . . . . 11.97^ 0.24 8.88 ^ 0.18
49553.4 . . . . . . 13.35^ 0.44 8.43 ^ 0.32
49566.3 . . . . . . 11.18^ 0.37 8.99 ^ 0.34
49568.4 . . . . . . 11.64^ 0.38 8.90 ^ 0.34
49568.8 . . . . . . 11.39^ 0.23 9.19 ^ 0.18
49575.5 . . . . . . 11.99^ 0.60 9.05 ^ 0.45
49579.3 . . . . . . 12.06^ 0.40 9.11 ^ 0.35
49597.3 . . . . . . 11.72^ 0.39 9.33 ^ 0.35
49597.7 . . . . . . 11.45^ 0.16 9.55 ^ 0.14
49599.3 . . . . . . 11.83^ 0.39 9.85 ^ 0.37
49601.3 . . . . . . 11.24^ 0.37 9.82 ^ 0.37
49603.7 . . . . . . 11.18^ 0.22 9.84 ^ 0.20
49604.7 . . . . . . 10.80^ 0.22 9.72 ^ 0.19
49608.7 . . . . . . 11.01^ 0.22 9.76 ^ 0.19
49622.6 . . . . . . 9.57^ 0.19 9.45 ^ 0.19
49626.6 . . . . . . 9.06^ 0.18 9.11 ^ 0.18
49636.6 . . . . . . 9.44^ 0.19 8.44 ^ 0.17
49679.0 . . . . . . 9.81^ 0.20 9.63 ^ 0.19
49686.0 . . . . . . 10.41^ 0.21 8.82 ^ 0.18

TABLE 4ÈContinued

Julian Date Fj(5100 A� ) F(Hb)
([2,400,000) (10~15 ergs s~1 cm~2 A� ~1) (10~13 ergs s~1 cm~2)

49713.6 . . . . . . 10.82^ 0.36 8.43 ^ 0.32
49743.6 . . . . . . 10.89^ 0.36 8.29 ^ 0.31
49744.5 . . . . . . 10.95^ 0.36 8.27 ^ 0.31
49750.1 . . . . . . 11.12^ 0.22 8.24 ^ 0.21
49751.0 . . . . . . 10.77^ 0.22 7.89 ^ 0.20
49752.0 . . . . . . 11.43^ 0.23 8.61 ^ 0.17
49753.6 . . . . . . 12.02^ 0.40 8.48 ^ 0.32
49758.9 . . . . . . 11.65^ 0.23 8.48 ^ 0.17
49765.9 . . . . . . 10.34^ 0.21 8.78 ^ 0.18
49772.5 . . . . . . 11.14^ 0.37 8.37 ^ 0.32
49772.9 . . . . . . 11.39^ 0.23 8.21 ^ 0.16
49773.1 . . . . . . 11.50^ 0.23 8.40 ^ 0.17
49775.0 . . . . . . 11.68^ 0.35 8.58 ^ 0.17
49779.0 . . . . . . 11.61^ 0.23 8.81 ^ 0.22
49780.0 . . . . . . 11.63^ 0.23 8.97 ^ 0.22
49781.0 . . . . . . 12.88^ 0.26 8.94 ^ 0.22
49782.0 . . . . . . 11.92^ 0.24 9.25 ^ 0.23
49783.5 . . . . . . 12.27^ 0.41 9.02 ^ 0.34
49784.0 . . . . . . 12.47^ 0.25 9.08 ^ 0.23
49784.5 . . . . . . 12.16^ 0.24 8.99 ^ 0.18
49784.9 . . . . . . 12.00^ 0.24 8.89 ^ 0.18
49786.6 . . . . . . 12.40^ 0.25 9.09 ^ 0.18
49787.6 . . . . . . 12.17^ 0.24 8.97 ^ 0.18
49788.5 . . . . . . 12.39^ 0.25 8.90 ^ 0.18
49794.0 . . . . . . 12.32^ 0.25 8.63 ^ 0.17
49802.0 . . . . . . 13.31^ 0.27 9.14 ^ 0.18
49808.9 . . . . . . 13.50^ 0.27 9.46 ^ 0.19
49810.8 . . . . . . 14.25^ 0.28 9.82 ^ 0.25
49810.9 . . . . . . 14.00^ 0.42 9.82 ^ 0.20
49811.8 . . . . . . 14.17^ 0.28 10.10 ^ 0.25
49813.0 . . . . . . 13.88^ 0.28 9.72 ^ 0.24
49813.6 . . . . . . 14.14^ 0.47 9.74 ^ 0.37
49818.8 . . . . . . 14.56^ 0.29 9.85 ^ 0.20
49830.0 . . . . . . 14.13^ 0.28 10.43 ^ 0.21
49833.8 . . . . . . 13.96^ 0.28 10.41 ^ 0.21
49839.8 . . . . . . 13.77^ 0.28 10.40 ^ 0.21
49845.4 . . . . . . 13.42^ 0.44 10.92 ^ 0.41
49846.8 . . . . . . 13.11^ 0.26 10.07 ^ 0.20
49853.8 . . . . . . 12.47^ 0.25 10.87 ^ 0.22
49860.8 . . . . . . 11.88^ 0.24 10.64 ^ 0.21
49861.9 . . . . . . 11.96^ 0.24 10.16 ^ 0.20
49862.3 . . . . . . 12.17^ 0.40 10.29 ^ 0.39
49863.3 . . . . . . 11.97^ 0.40 10.39 ^ 0.40
49868.8 . . . . . . 12.19^ 0.24 10.09 ^ 0.20
49870.4 . . . . . . 12.11^ 0.40 9.94 ^ 0.38
49871.4 . . . . . . 12.34^ 0.41 10.03 ^ 0.38
49871.7 . . . . . . 12.28^ 0.25 10.03 ^ 0.25
49874.7 . . . . . . 12.03^ 0.24 9.76 ^ 0.19
49875.4 . . . . . . 12.06^ 0.40 9.54 ^ 0.36
49878.4 . . . . . . 12.82^ 0.42 9.77 ^ 0.37
49881.7 . . . . . . 11.31^ 0.23 9.73 ^ 0.19
49889.4 . . . . . . 12.15^ 0.40 10.27 ^ 0.39
49889.7 . . . . . . 11.56^ 0.23 9.26 ^ 0.19
49891.4 . . . . . . 11.71^ 0.39 9.51 ^ 0.36
49895.7 . . . . . . 11.62^ 0.23 9.04 ^ 0.18
49903.3 . . . . . . 11.64^ 0.38 9.52 ^ 0.36
49903.7 . . . . . . 11.48^ 0.23 8.98 ^ 0.18
49905.8 . . . . . . 12.08^ 0.24 9.05 ^ 0.18
49910.7 . . . . . . 11.86^ 0.24 8.64 ^ 0.17
49917.7 . . . . . . 11.69^ 0.23 8.62 ^ 0.17
49923.7 . . . . . . 12.21^ 0.24 8.83 ^ 0.18
49923.8 . . . . . . 11.95^ 0.24 9.33 ^ 0.19
49930.8 . . . . . . 12.27^ 0.25 9.28 ^ 0.19
49935.3 . . . . . . 11.80^ 0.39 9.38 ^ 0.36
49937.7 . . . . . . 11.67^ 0.23 9.58 ^ 0.19
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49953.3 . . . . . . 11.07^ 0.37 8.85 ^ 0.34
49953.7 . . . . . . 11.31^ 0.23 9.10 ^ 0.18
49954.7 . . . . . . 11.01^ 0.22 9.04 ^ 0.18
49958.7 . . . . . . 10.91^ 0.22 9.18 ^ 0.18
49966.6 . . . . . . 10.73^ 0.22 8.63 ^ 0.17
49972.6 . . . . . . 10.85^ 0.22 8.46 ^ 0.17
49980.3 . . . . . . 12.59^ 0.41 8.31 ^ 0.32
49980.6 . . . . . . 12.12^ 0.24 8.69 ^ 0.17
49985.6 . . . . . . 12.51^ 0.25 8.90 ^ 0.18
49986.6 . . . . . . 12.81^ 0.26 8.74 ^ 0.17
50008.2 . . . . . . 12.83^ 0.42 9.54 ^ 0.36
50044.0 . . . . . . 11.60^ 0.23 9.66 ^ 0.19
50048.6 . . . . . . 11.22^ 0.37 9.17 ^ 0.35
50053.0 . . . . . . 10.40^ 0.21 9.11 ^ 0.18
50061.0 . . . . . . 8.64^ 0.17 9.27 ^ 0.19
50064.6 . . . . . . 8.37^ 0.28 8.67 ^ 0.33
50074.0 . . . . . . 8.05^ 0.31 7.56 ^ 0.21
50075.0 . . . . . . 8.18^ 0.31 7.35 ^ 0.21
50078.0 . . . . . . 7.99^ 0.30 7.18 ^ 0.20
50080.0 . . . . . . 7.52^ 0.29 7.14 ^ 0.20
50081.0 . . . . . . 8.25^ 0.31 6.80 ^ 0.19
50087.0 . . . . . . 8.21^ 0.16 6.74 ^ 0.14
50094.0 . . . . . . 8.40^ 0.17 6.40 ^ 0.13
50095.0 . . . . . . 7.88^ 0.30 6.40 ^ 0.18
50096.0 . . . . . . 8.10^ 0.31 6.08 ^ 0.17
50097.0 . . . . . . 8.18^ 0.31 6.63 ^ 0.19
50098.1 . . . . . . 7.76^ 0.29 6.82 ^ 0.19
50101.9 . . . . . . 8.60^ 0.17 6.35 ^ 0.13
50102.0 . . . . . . 8.90^ 0.34 6.78 ^ 0.19
50104.0 . . . . . . 9.39^ 0.36 6.72 ^ 0.19
50105.0 . . . . . . 9.73^ 0.37 6.30 ^ 0.18
50107.0 . . . . . . 9.41^ 0.36 6.75 ^ 0.19
50108.0 . . . . . . 9.50^ 0.36 6.75 ^ 0.19
50109.0 . . . . . . 9.36^ 0.36 6.64 ^ 0.19
50110.0 . . . . . . 9.34^ 0.35 6.59 ^ 0.19
50111.0 . . . . . . 9.82^ 0.37 6.81 ^ 0.19
50112.0 . . . . . . 9.34^ 0.35 6.94 ^ 0.19
50119.0 . . . . . . 10.06^ 0.20 7.49 ^ 0.15
50122.9 . . . . . . 10.04^ 0.20 7.67 ^ 0.15
50124.0 . . . . . . 10.13^ 0.38 7.36 ^ 0.21
50124.9 . . . . . . 10.17^ 0.39 7.59 ^ 0.21
50126.0 . . . . . . 10.27^ 0.39 7.86 ^ 0.22
50127.6 . . . . . . 9.80^ 0.22 8.07 ^ 0.16
50128.0 . . . . . . 10.02^ 0.20 7.94 ^ 0.16
50128.4 . . . . . . 9.81^ 0.22 7.82 ^ 0.16
50129.0 . . . . . . 9.56^ 0.36 7.82 ^ 0.22
50130.0 . . . . . . 9.44^ 0.36 8.29 ^ 0.23
50131.0 . . . . . . 9.78^ 0.37 8.20 ^ 0.23
50132.0 . . . . . . 9.68^ 0.37 8.33 ^ 0.23
50133.0 . . . . . . 10.47^ 0.40 8.38 ^ 0.24
50134.0 . . . . . . 9.02^ 0.34 7.77 ^ 0.22
50134.9 . . . . . . 8.82^ 0.34 7.96 ^ 0.22
50135.5 . . . . . . 9.10^ 0.30 7.96 ^ 0.30
50136.9 . . . . . . 8.86^ 0.18 8.12 ^ 0.16
50137.0 . . . . . . 9.14^ 0.35 8.51 ^ 0.24
50142.9 . . . . . . 8.43^ 0.17 8.05 ^ 0.16
50149.9 . . . . . . 8.45^ 0.17 7.22 ^ 0.14
50153.6 . . . . . . 10.01^ 0.50 7.20 ^ 0.36
50155.5 . . . . . . 9.68^ 0.32 6.86 ^ 0.26
50156.5 . . . . . . 9.96^ 0.33 7.20 ^ 0.27
50161.5 . . . . . . 10.27^ 0.34 7.23 ^ 0.28
50164.8 . . . . . . 10.18^ 0.20 7.46 ^ 0.15
50168.9 . . . . . . 9.88^ 0.20 7.75 ^ 0.16
50169.0 . . . . . . 10.54^ 0.40 7.59 ^ 0.21
50170.0 . . . . . . 10.39^ 0.40 7.61 ^ 0.21
50175.9 . . . . . . 10.86^ 0.22 8.12 ^ 0.16
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50185.9 . . . . . . 12.54^ 0.25 8.02 ^ 0.16
50188.4 . . . . . . 12.30^ 0.41 8.25 ^ 0.31
50191.8 . . . . . . 12.07^ 0.24 8.55 ^ 0.17
50198.8 . . . . . . 11.22^ 0.22 9.03 ^ 0.18
50200.4 . . . . . . 10.80^ 0.36 9.16 ^ 0.35
50201.3 . . . . . . 10.49^ 0.35 9.06 ^ 0.34
50206.9 . . . . . . 10.90^ 0.22 9.04 ^ 0.18
50212.5 . . . . . . 10.66^ 0.35 9.15 ^ 0.35
50212.9 . . . . . . 10.31^ 0.21 8.71 ^ 0.17
50213.4 . . . . . . 10.37^ 0.34 9.20 ^ 0.35
50215.4 . . . . . . 10.23^ 0.34 9.14 ^ 0.35
50220.8 . . . . . . 9.21^ 0.18 8.73 ^ 0.17
50224.4 . . . . . . 9.48^ 0.31 8.90 ^ 0.34
50226.4 . . . . . . 10.01^ 0.33 8.78 ^ 0.33
50227.8 . . . . . . 9.17^ 0.18 8.39 ^ 0.17
50233.8 . . . . . . 9.40^ 0.19 7.94 ^ 0.16
50241.8 . . . . . . 9.48^ 0.19 7.50 ^ 0.15
50245.4 . . . . . . 9.92^ 0.33 7.67 ^ 0.29
50247.4 . . . . . . 10.18^ 0.34 7.94 ^ 0.30
50248.8 . . . . . . 10.34^ 0.21 7.36 ^ 0.15
50253.8 . . . . . . 10.89^ 0.22 7.43 ^ 0.15
50256.5 . . . . . . 11.29^ 0.37 7.86 ^ 0.30
50256.9 . . . . . . 11.46^ 0.23 7.63 ^ 0.15
50258.4 . . . . . . 12.04^ 0.40 7.80 ^ 0.30
50262.8 . . . . . . 12.04^ 0.24 8.00 ^ 0.16
50273.8 . . . . . . 12.24^ 0.25 9.01 ^ 0.18
50276.4 . . . . . . 13.82^ 0.46 8.58 ^ 0.33
50277.4 . . . . . . 12.97^ 0.43 8.84 ^ 0.34
50280.7 . . . . . . 13.17^ 0.26 7.82 ^ 0.16
50284.4 . . . . . . 13.43^ 0.44 8.93 ^ 0.34
50285.4 . . . . . . 13.52^ 0.45 9.27 ^ 0.35
50286.4 . . . . . . 13.35^ 0.44 9.10 ^ 0.35
50305.7 . . . . . . 12.11^ 0.24 10.03 ^ 0.20
50315.3 . . . . . . 12.51^ 0.41 9.37 ^ 0.36
50336.6 . . . . . . 13.36^ 0.27 9.00 ^ 0.18
50339.2 . . . . . . 13.75^ 0.45 9.46 ^ 0.36
50344.2 . . . . . . 14.19^ 0.47 9.59 ^ 0.36
50350.6 . . . . . . 14.40^ 0.29 8.37 ^ 0.17
50358.6 . . . . . . 13.93^ 0.28 9.44 ^ 0.19
50361.6 . . . . . . 13.92^ 0.28 9.46 ^ 0.19
50362.2 . . . . . . 14.79^ 0.49 9.35 ^ 0.35
50372.2 . . . . . . 14.48^ 0.48 9.39 ^ 0.36
50373.2 . . . . . . 14.23^ 0.47 9.23 ^ 0.35

The V -band measurements obtained from these obser-
vations are given in Table 5, measured by using simulated
aperture photometry with a circular aperture of diameter
10A. In each case, the V magnitudes given in column (2) are
slightly o†set from the continuum measured from the spec-
troscopic data. The data have been adjusted and converted
to Ñuxes (as given in col. [4]) using the pro-Fj(5100 A� )
cedure described in detail by Korista et al. (1995) ; the
systematic corrections employed (eq. [4] of Korista et al.)
are *m\ [0.254^ 0.048 mag for data set ““ A ÏÏ and
*m\ [0.085^ 0.050 mag for sets ““ B ÏÏ and ““ C.ÏÏ

The Ðnal light curves for the optical continuum and Hb
Ñuxes during years 6È8 are shown in Figure 1. The contin-
uum points are from column (2) of Table 3 and column (4)
of Table 5, and the Hb Ñuxes are those given in column (3)
of Table 3. All measurements are in the observerÏs frame
and are uncorrected for Galactic extinction.
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TABLE 5

V -BAND CCD PHOTOMETRY

Julian Date V Fj(5100 A� )
([2,400,000) (mag) Source (10~15 ergs s~1 cm~2 A� ~1)

(1) (2) (3) (4)

49458.2 13.958^ 0.050 A 9.90 ^ 0.46
49459.2 13.955^ 0.035 A 9.90 ^ 0.36
49460.2 14.082^ 0.050 A 7.92 ^ 0.37
49460.9 13.807^ 0.170 B 8.78^ 1.37
49461.2 14.058^ 0.035 A 8.36 ^ 0.31
49462.2 14.079^ 0.029 A 7.93 ^ 0.22
49463.9 13.779^ 0.073 B 9.23^ 0.59
49703.1 13.695^ 0.042 C 10.51^ 0.39
49751.0 13.661^ 0.068 C 11.24^ 0.72
49803.9 13.548^ 0.064 C 13.21^ 0.73
49851.8 13.513^ 0.024 C 14.00^ 0.26
49877.8 13.584^ 0.046 C 12.65^ 0.58
49911.8 13.682^ 0.030 C 10.86^ 0.30
49952.6 13.694^ 0.031 C 10.51^ 0.29

NOTE.ÈCodes for data origin : (A) Yunnan Astronomical Observatory,
Kunming, China ; (B) 1.0 m Lick Telescope ; (C) 0.61 m UCLA Telescope.

3. VARIABILITY ANALYSIS

The data shown in Figure 1 can be combined with our
previously published light curves (Peterson et al. 1991, 1992,
1994 ; Korista et al. 1995), yielding combined homogeneous
light curves that cover a span of 2865 days. The combined
data are shown in Figure 2. These light curves are com-
prised of 857 continuum measurements and 820 line mea-
surements. The number of spectra in this database exceeds
by more than a factor of 4 the number of spectra in any
other homogeneous time series on UV or optical variations
in Seyfert galaxies (see Wanders et al. 1997 ; Peterson et al.
1998a), and previous less well-sampled and less homo-
genous data extend the database on this object to 20 yr
(Sergeev et al. 1997). In this section, we will summarize the
basic characteristics of the 8 yr homogeneous database,
both in its entirety and on a year-by-year basis.

3.1. Characteristics of the Database
Tables 6 and 7 provide a summary for the continuum and

Hb emission line, respectively, of the basic characteristics of
the light curves of NGC 5548, broken down into subsets of
time, as given in column (1). The number of observations in
the subset is given in column (2), and columns (3) and (4)

FIG. 2.ÈOptical continuum (upper panel) and Hb (lower panel) light
curves from 1989 December to 1996 November. The data are comprised of
857 continuum measurements and 820 emission-line measurements. The
continuum Ñuxes are in units of 10~15 ergs s~1 cm~2 and the lineA� ~1,
Ñuxes are in units of 10~13 ergs s~1 cm~2.

give the average and median intervals, respectively, between
successive observations. Note that for the entire data set,
the relatively large ratio of the average to the median is
attributable to the 1È2 month gaps between observing
seasons. The mean and root mean square (rms) Ñuxes,

in Table 6 and F(Hb) in Table 7, are given inFj(5100 A� )
column (5). Two standard measures of variability, andFvarare given in columns (6) and (7), respectively. TheRmax,parameter is the rms fractional variability, corrected forFvarmeasurement error, as deÐned by et al.Rodr•� guez-Pascual
(1997), and is simply the ratio of maximum toRmaxminimum Ñux. Both of these parameters are a†ected by
contamination of the measured quantities by constant-Ñux
components, the underlying host galaxy in the case of the
continuum, and the narrow Hb emission component in the
case of the line. The continuum Ñux measurements are all
adjusted to a standard entrance aperture of 5A.0 ] 7A.5,
through which the starlight component can be estimated
to contribute mag, orVgalaxy\ 14.99 Fj(5100 A� )galaxy \
3.4] 10~15 ergs s~1 cm~2 (Romanishin et al. 1995).A� ~1
Subtracting this value from all the continuum points in
Figure 2 increases from 0.195 to 0.307 and fromFvar Rmax

TABLE 6

SAMPLING STATISTICS FOR OPTICAL CONTINUUM

SAMPLING INTERVAL (days)

SUBSET NUMBER OF EPOCHS Average Median MEAN FLUXa Fvar Rmax
(1) (2) (3) (4) (5) (6) (7)

All data 857 3.3 1.0 9.35^1.86 0.195 2.98^ 0.16
Year 1 (1989) 125 2.4 1.0 9.92^1.26 0.117 2.16^ 0.16
Year 2 (1990) 94 3.4 2.0 7.25^1.00 0.129 1.82^ 0.09
Year 3 (1991) 65 4.8 3.0 9.40^0.93 0.090 1.51^ 0.09
Year 4 (1992) 83 3.4 2.0 6.72^1.17 0.168 2.04^ 0.10
Year 5 (1993) 174 1.3 0.7 9.04^0.90 0.092 1.65^ 0.08
Year 6 (1994) 135 2.4 1.0 9.76^1.10 0.104 1.76^ 0.12
Year 7 (1995) 83 4.0 1.9 12.09^ 1.00 0.079 1.48^ 0.04
Year 8 (1996) 98 3.4 2.0 10.47^ 1.82 0.171 1.97^ 0.10

a Units of 10~15 ergs s~1 cm~2 A� ~1.
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TABLE 7

SAMPLING STATISTICS FOR Hb EMISSION LINE

SAMPLING INTERVAL (days)

SUBSET NUMBER OF EPOCHS Average Median MEAN FLUXa Fvar Rmax
(1) (2) (3) (4) (5) (6) (7)

All data . . . . . . . . . . . . 820 3.5 1.4 7.56^ 1.53 0.199 4.17^ 0.30
Year 1 (1989) . . . . . . 132 2.3 1.0 8.62^ 0.85 0.091 1.57^ 0.12
Year 2 (1990) . . . . . . 94 3.4 2.0 5.98^ 1.17 0.191 2.30^ 0.12
Year 3 (1991) . . . . . . 65 4.8 3.0 7.46^ 0.81 0.093 1.58^ 0.14
Year 4 (1992) . . . . . . 83 3.4 2.0 4.96^ 1.44 0.284 3.03^ 0.30
Year 5 (1993) . . . . . . 142 2.1 1.0 7.93^ 0.53 0.057 1.40^ 0.06
Year 6 (1994) . . . . . . 128 2.6 1.0 7.58^ 0.94 0.117 1.57^ 0.07
Year 7 (1995) . . . . . . 78 4.2 2.1 9.27^ 0.70 0.071 1.38^ 0.06
Year 8 (1996) . . . . . . 98 3.4 2.0 8.03^ 0.96 0.116 1.65^ 0.06

a Units of 10~13 ergs s~1 cm~2.

2.98^ 0.16 to 7.26 ^ 0.98 ; i.e., the AGN nuclear continuum
has varied by more than a factor of 7 in 8 yr. Similarly, we
can estimate that the narrow Hb contribution to the line
measurements is about 8.43] 10~14 ergs s~1 cm~2
(Wanders & Peterson 1996). Subtracting this from the line
measurements yields andFvar \ 0.224 Rmax \ 5.67 ^ 0.56
for the broad Hb component.

During year 7, NGC 5548 achieved the highest lumi-
nosity state we have observed. The faintest state observed
was during year 4. In Figure 3, we show set ““ H ÏÏ spectra
obtained near the times of extreme states. Note in particular
the dramatic di†erence in the continuum levels shortward
of about 4200 the onset of the Balmer continuum andA� ,
Fe II emission-line blend referred to as the ““ small blue
bump ÏÏ (see Maoz et al. 1993 for a discussion of the variabil-
ity of the small blue bump in NGC 5548). The low-state
spectrum in Figure 3 shows that the narrow-line com-
ponents of the Balmer lines are quite strong ; the high-state
spectrum is in fact strongly double-peaked, but the central
depression is largely Ðlled in by the narrow component.

FIG. 3.ÈUpper panel : high-state (JD 2,449,773, during 1995) and low-
state (JD 2,448,733, during 1992) Lick Observatory (set ““ H ÏÏ) spectra of
NGC 5548 showing extreme excursions of the continuum brightness.
L ower panel : di†erence spectrum obtained by subtracting the low-state
spectrum from the high-state spectrum. In the low-state spectrum, the
broad component of Hb (just shortward of 5000 is very weak, and theA� )
constant narrow-line component is thus relatively more prominent than
when the broad component is strong. The most dramatic e†ect is the
variability of the ““ small blue the long-wavelength end of which isbump,ÏÏ
apparent in the high-state spectrum shortward of D4200 A� .

This is why the double-peaked structure of the broad lines is
much more prominent in the di†erence spectrum than in
the high-state spectrum.

3.2. T ime-Series Analysis
Inspection of Figure 1 shows that there is a clear time

delay between continuum variations and the Hb response.
This time delay can be quantiÐed by cross-correlation of the
continuum and emission-line light curves. We perform the
cross-correlation analysis in two ways, using the inter-
polation cross-correlation function (ICCF) method of
Gaskell & Sparke (1986) and Gaskell & Peterson (1987) and
the discrete correlation function (DCF) method of Edelson
& Krolik (1988). In both cases, we use the implementation
described by White & Peterson (1994).

The results of the cross-correlation analysis are shown in
Figure 4 and summarized in Table 8. In Table 8, the subset
used in cross-correlation is given in column (1). Column (2)
gives the centroid of the ICCF. The highest point in theqcentICCF occurs at a time delay (col. [3]) and has valueqpeak(col. [4]). The FWHM of the ICCF is given in columnrmax(5). The centroid is computed using all points nearqcent qpeakwith values greater than The uncertainties quoted0.8rmax.for and have been computed using the model-qcent qpeakindependent FR/RSS Monte Carlo method described by
Peterson et al. (1998b).

4. DISCUSSION

It is apparent from inspection of Table 8 that signiÐcant
changes in the Hb lag have occurred during this 8 yr moni-
toring program. The cross-correlation functions shown in
Figure 4 show pronounced changes from year to year. The
centroid is of particular interest, because it is a measureqcentof the responsivity-weighted mean radius of the BLR
(Koratkar & Gaskell 1991 ; Penston 1991). Possible changes
in the Hb lag have been noticed previously and might plau-
sibly arise in a number of ways :

1. A physically thick BLR has a broad transfer function,
and the centroid convolution of ((q) and canFACF(q)become quite sensitive to the general character of the con-
tinuum variations as embodied in the ACF (Netzer & Maoz
1990).

2. Real dynamical changes in the BLR might occur on
timescales of years (Wanders 1995). This has also been sug-
gested to be the case in NGC 4151 (e.g., Ulrich et al. 1991).
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FIG. 4.ÈCross-correlation functions for the continuum and Hb emission-line light curves of NGC 5548. The various panels represent subsets of the data
as outlined in Table 8. The solid line shows the ICCF, and the vertical lines represent the 1 p uncertainties associated with the DCF values.

3. The lag might vary with the ionizing Ñux incident
upon the BLR clouds. For BLR clouds with otherwise con-
stant parameters, the radius at which emissivity in a partic-
ular line is optimized will be dependent on the luminosity of
the source (e.g., Baldwin et al. 1995).

In Figure 5, we show in the upper panel as a functionqcentof time for the 8 yr of International AGN Watch data

FIG. 5.ÈUpper panel : Cross-correlation centroid as a function ofqcenttime for 9 yr beginning with 1988 (from the Wise Observatory campaign
described by Netzer et al. 1990 ; open circle), followed by the 8 yr of Inter-
national AGN Watch monitoring ( Ðlled circles). L ower panel : Early mean
continuum Ñux at 5100 The error bars simply represent the rms varia-A� .
tions about the mean values.

reported here, plus the results of the 1988 monitoring
program carried out at Wise Observatory20 (Netzer et al.
1990). This bears some resemblance to the light curve aver-
aged over individual observing seasons, as shown in the
lower panel of the Ðgure, suggesting that the lag may be a

TABLE 8

CROSS-CORRELATION RESULTS

qcent qpeak FWHM
Subset (days) (days) rmax (days)

(1) (2) (3) (4) (5)

All data . . . . . . . . . . . . 21.57~0.68`2.41 16.5~1.1`2.1 0.896 199
Year 1 (1989) . . . . . . 19.73~1.40`2.03 21.5~4.1`3.0 0.877 39
Year 2 (1990) . . . . . . 19.34~2.96`1.86 18.5~0.7`2.0 0.909 49
Year 3 (1991) . . . . . . 16.35~3.28`3.75 17.5~5.7`2.7 0.740 33
Year 4 (1992) . . . . . . 11.37~2.30`2.30 13.7~4.7`0.6 0.918 63
Year 5 (1993) . . . . . . 13.61~1.91`1.41 13.2~3.3`1.9 0.730 29
Year 6 (1994) . . . . . . 15.49~6.09`2.26 8.7~2.4`8.5 0.832 129
Year 7 (1995) . . . . . . 21.43~3.00`2.31 22.9~3.1`5.1 0.880 60
Year 8 (1996) . . . . . . 16.85~1.37`1.45 16.3~1.5`1.1 0.921 51

20 We have adjusted the Wise Observatory data to form as nearly as
possible a quasi-homogeneous set with the International AGN Watch
data. Through simulated aperture photometry based on the nucleus-free
image described by Romanishin et al. (1995), we estimate that the starlight
contribution through the Wise Observatory entrance aperture is
1.166] 10~14 ergs s~1 cm~2 The 5375È5575 Ñuxes of Netzer et al.A� ~1. A�
(1990) have been adjusted to the nominal galaxy contribution in the AGN
Watch data, 3.4] 10~15 ergs s~1 cm~2 The cross-correlation meth-A� ~1.
odology used in this paper gives for the Wise Observatoryqcent\ 8.44~3.87`4.01
campaign.
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FIG. 6.ÈCross-correlation centroid as a function the yearly meanqcentcontinuum Ñux at 5100 based on 8 yr of International AGN Watch dataA� ,
( Ðlled circles) plus 1988 data from Wise Observatory (open circle). The data
suggest that these two quantities may be correlated, and the slope of the
best-Ðt line is nonzero only at a 2.5 p conÐdence level.

luminosity-dependent quantity. In Figure 6, we plot directly
as a function the mean continuum Ñux.qcent SFj(5100 A� )T,

Again, this suggests a relationship between these quantities.
The slope of this relationship is formally nonzero at 2.5 p
signiÐcance.

5. SUMMARY

We have presented new optical spectroscopic and photo-
metric observations of the continuum and Hb emission-line
variations in the Seyfert 1 galaxy NGC 5548, thus extending
our high-intensity coverage of this object to 8 yr. The total
continuum light curve consists of 857 epochs and the Hb
light curve consists of 825 epochs. We Ðnd as before that
the variations of the Hb emission line follow those of the
continuum by D10È20 days, with the precise value of the
measured lag changing somewhat from year to year. There
are indications that the lag varies with the continuum Ñux
in the sense that the lag is larger when the continuum is
brighter.

We are grateful to the Directors and Telescope Alloca-
tion Committees of our various observatories for their
support of this project. Individual investigators have bene-
Ðted from the support from a number of grants, including
the following : National Science Foundation grants AST
94-20080 (Ohio State University) and AST 94-17213
(University of California at Berkeley), Sonderforschungs-
bereich grant 328 (Landessternwarte Heidelberg), DFG
grant Ko 857/13-2 the(Universita� ts-Sternwarte Go� ttingen),
Russian Basic Research Foundation grants 94-02-4885 and
97-02-17625, and the PanDen Project of the Chinese
National Committee of Sciences and the Chinese National
Science Foundation.

REFERENCES
Alloin, D., Clavel, J., Peterson, B. M., Reichert, G. A., & Stirpe, G. M.

1994, in Frontiers of Space and Ground-Based Astronomy, ed.
W. Wamsteker, M. S. Longair, & Y. Kondo (Dordrecht : Kluwer), 423

Baldwin, J., Ferland, G., Korista, K., & Verner, D. 1995, ApJ, 455, L119
Blandford, R. D., & McKee, C. F. 1982, ApJ, 255, 419
Clavel, J., et al. 1991, ApJ, 366, 64
Edelson, R. A., & Krolik, J. H. 1988, ApJ, 333, 646
Fabricant, D., Cheimets, P., Caldwell, N., & Geary, J. 1998, PASP, 110, 79
Gaskell, C. M., & Peterson, B. M. 1987, ApJS, 65, 1
Gaskell, C. M., & Sparke, L. S. 1986, ApJ, 305, 175
Koratkar, A. P., & Gaskell, C. M. 1991, ApJS, 75, 719
Korista, K. T., et al. 1995, ApJS, 97, 285
Kraemer, S. B., Crenshaw, D. M., Filippenko, A. V., & Peterson, B. M.

1998, ApJ, 498, 719
Maoz, D., et al. 1993, ApJ, 404, 576
Marshall, H. L., et al. 1997, ApJ, 479, 222
Netzer, H., & Maoz, D. 1990, ApJ, 365, L5
Netzer, H., et al. 1990, ApJ, 353, 108
Netzer, H., & Peterson, B. M. 1997, in Astronomical Time Series, ed.

D. Maoz, A. Sternberg, & E. M. Leibowitz (Dordrecht : Kluwer), 85
Penston, M. V. 1991, in Variability of Galactic Nuclei, ed. H. R. Miller &

P. J. Wiita (Cambridge : Cambridge Univ. Press), 343

Peterson, B. M. 1993, PASP, 105, 247
Peterson, B. M., et al. 1991, ApJ, 368, 119
ÈÈÈ. 1992, ApJ, 392, 470
ÈÈÈ. 1994, ApJ, 425, 622
Peterson, B. M., Pogge, R. W., Wanders, I., Smith, S. M., & Romanishin,

W. 1995, PASP, 107, 579
Peterson, B. M., Wanders, I., Bertram, R., Hunley, J. F., Pogge, R. W., &

Wagner, R. M. 1998a, ApJ, 501, 82
Peterson, B. M., Wanders, I., Horne, K., Collier, S., Alexander, T., Kaspi,

S., & Maoz, D. 1998b, PASP, 110, 660
P. M., et al. 1997, ApJ, 110, 9Rodr•� guez-Pascual,

Romanishin, W., et al. 1995, ApJ, 455, 516
Sergeev, S. G., Pronik, V. I., Malkov, Yu. F., & Chuvaev, K. K. 1997, A&A,

320, 405
Ulrich, M.-H., Boksenberg, A., Bromage, G. E., Clavel, J., Elvius, A.,

Penston, M. V., Perola, G. C., & Snijders, M. A. J. 1991, ApJ, 382, 483
van Groningen, E., & Wanders, I. 1992, PASP, 104, 700
Wanders, I. 1995, A&A, 296, 332
Wanders, I., & Peterson, B. M. 1996, ApJ, 466, 174
Wanders, I., et al. 1997, ApJS, 113, 69
White, R. J., & Peterson, B. M. 1994, PASP, 106, 879


