THE ASTROPHYSICAL JOURNAL, 408:416-427, 1993 May 10
© 1993. The American Astronomical Society. All rights reserved. Printed in U.S.A.

STEPS TOWARD DETERMINATION OF THE SIZE AND STRUCTURE OF THE BROAD-LINE
REGION IN ACTIVE GALACTIC NUCLEL IV. INTENSITY VARIATIONS OF THE OPTICAL
EMISSION LINES OF NGC 5548

M. DIeTRICH,! W. KOLLATSCHNY,! B. M. PETERSON,? J. BECHTOLD,> R. BERTRAM,%* N. G. BOCHKAREV,’
T. A. BorosoN,® T. E. CARONE,>7 M. ELvis,® A. V. FILIPPENKO,® C. M. GASKELL,'%!! J. P. HUCHRA,®
J. B. HUTCHINGS,'? A. P. KORATKAR,'3 K. T. KorisTA,?!* N. J. LAME,? A. LAOR,'3
G. M. MACALPINE,'® M. A. MALKAN,'® C. MENDES DE OLIVEIRA, %17 H. NETZER,'®
J. PENFOLD,!#'1° M. V. PEnsTON,2% 2! E. PErez 22 R. W. PoGGE,2 23
M. W. RIcHMOND,® E. I. ROSENBLATT,'% 24 A. I. SHAPOVALOVA,2®
J. C. SHieLps,>® H. A. SmITH,'%2¢ P. S. SmiTH,> W.-H. SuUN,!6:27
U. THIELE,?® S. VEILLEUX,2%'3° R. M. WAGNER,>* B. J. WILKES,?

B. J. WiLLs,?® AND D. WiLLs?3
Received 1992 August 27 ; accepted 1992 October 30

ABSTRACT

We present measurements of optical emission-line flux variations based on spectra of the Seyfert galaxy
NGC 5548 obtained between 1988 December and 1989 October during the course of a large-scale internation-
al monitoring effort. The data presented here supplement previously published measurements of the UV lines
and continuum, optical continuum, and broad HB emission line. All of the measured optical emission lines,
Ha, HB, Hy, He 1 15876, and He 1 14686, show the same qualitative behavior as the UV and optical continua,
but with short time delays, or lags, which are different for the various lines. We apply cross-correlation
analysis to measure the lags between the various lines and the continuum. We find similar lags with respect to
the UV continuum for Ha and Hp, 17 and 19 days, respectively. The lag for Hy is shorter (13 days), only
somewhat larger than the lag measured for Lyx (about 10 days). The helium lines respond to continuum
variations more rapidly than the hydrogen lines, with lags of about 7 days for He 1 14686 and 11 days for
He 1 15876.

Subject headings: galaxies: active — galaxies: fundamental parameters — galaxies: individual (NGC 5548) —

galaxies: nuclei — galaxies: Seyfert

1. INTRODUCTION

The variability of the broad emission lines in Seyfert galaxies
provides an important tool for investigation of the size, struc-
ture, and dynamics of the broad-line region (BLR) in active

! Universitéts-Sternwarte Géttingen, Geismarlandstrasse 11, D-3400 Got-
tingen, Germany.

% Department of Astronomy, The Ohio State University, 174 West 18th
Avenue, Columbus, OH 43210.

3 Steward Observatory, University of Arizona, Tucson, AZ 85721.

* Postal address: Lowell Observatory, Mars Hill Road, 1400 West, Flag-
staff, AZ 86001.

® Sternberg Astronomical Institute, University of Moscow, Universitetskij
prosp. 13, Moscow V-234, Russia.

¢ Kitt Peak National Observatory, National Optical Astronomy Observa-
tories, P.O. Box 26732, Tucson, AZ 85726.

7 Postal address: Space Science Laboratory, University of California,
Berkeley, CA 94720.

8 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam-
bridge, MA 02138.

° Department of Astronomy, University of California, Berkeley, CA 94720.

10 Department of Astronomy, University of Michigan, Ann Arbor, MI
48109.

'! Postal address: Department of Physics and Astronomy, University of
Nebraska, Lincoln, NE 68588.

12 Dominion Astrophysical Observatory, 5071 West Saanich Road, Victo-
ria, BC, Canada V8X 4M6.

13 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
MD 21218.

14 Observatories of the Carnegie Institution of Washington, 813 Santa
Barbara Street, Pasadena, CA 91101.

!5 Institute for Advanced Study, Princeton, NJ 08540.

galactic nuclei (AGNs). The emission lines respond to contin-
uum variations with different characteristic time scales and
amplitudes.

Emission-line variability has been studied in more than a
dozen variable Seyfert galaxies. Progress in emission-line
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variability studies has been reviewed by Peterson (1988) and
Penston (1991). Results published since these reviews include
studies of NGC 4151 (Clavel et al. 1990; Maoz et al. 1991),
NGC 5548 (Netzer et al. 1990; Peterson et al. 1990; Wamste-
ker et al. 1990), Akn 120 (Peterson, Korista, & Wagner 1989;
Peterson & Gaskell 1991), Fairall 9 (Clavel, Wamsteker, &
Glass 1989; Koratkar & Gaskell 1989), Mkn 279 (Maoz et al.
1990), and NGC 3783 (Winge et al. 1992; Koratkar & MacAl-
pine 1992). In most studies undertaken to date, the information
obtained has been limited because of inadequate temporal
resolution, too many gaps in the time series, or very limited
wavelength coverage.

In order to investigate the structure of the BLR by emission-
line variability studies, a sustained program of high temporal
resolution is required; intervals between observations of a few
days or less are necessary to study the response of the most
rapidly varying lines. Furthermore, high signal-to-noise ratio
spectra are highly desirable since the observed variations are
not always of very large amplitude. In an effort to meet the
temporal sampling requirements and provide an adequate data
base for detailed analysis of temporal variations of many emis-
sion lines, a large international collaboration has undertaken a
coordinated multiwavelength monitoring campaign on the
Seyfert galaxy NGC 5548. During the period 1988 December
to 1989 August, UV spectra were obtained once every four
days with the IUE satellite (Clavel et al. 1991; hereafter Paper
I). A ground-based program of optical spectroscopy and pho-
tometry was carried out simultaneously (Peterson et al. 1991,
hereafter Paper II), and this effort is continuing; results of a
second year of ground-based monitoring have already been
published (Peterson et al. 1992, hereafter Paper III).

Measurements of the optical continuum and Hp variations
observed during the first year of the campaign have been pre-
sented in Papers II and III. In this paper, we present the varia-
tions of the other optical emission lines, Ha, Hy, He 1 15876,
and He 11 14686, as measured from the same data. We also
present an independent assessment of the Hf light curve,
which we find to be in excellent agreement with the original
analysis of Paper II.

2. OBSERVATIONS AND DATA ANALYSIS

The first year of the optical observations of NGC 5548
began in 1988 December and was completed in 1989 October.
A complete log of the spectroscopic observations including the
Julian dates, telescopes used, aperture sizes, position angles,
etc., is provided in Papers IT and II1.

Asis usual in AGN emission-line variability studies, we use
the narrow emission lines seen in the spectra as an internal flux
standard. It is therefore critical that we understand the role of
aperture effects in the calibration process; whereas the contin-
uum and broadlines come from essentially a point source, the
narrow-line region is somewhat extended (Wilson et al. 1989).
Thus, the ratio of broad-line to narrow-line flux in a given
spectrum is a function of both the spectrograph entrance aper-
ture geometry and the seeing. In order to assess the possible
importance of aperture effects, for two epochs, on UT 1989
February 17 (JD 2447574) and UT 1989 May 16 (JD 2447663)
we obtained several spectra with different slit widths and differ-
ent position angles using the 2.2 m (on JD 2447574) and 3.5 m
(on JD 2447663) telescopes at Calar Alto in Spain. These
observations were made under photometric conditions with
seeing of 1” (FWHM). The spectra were taken with slit widths
of 17, 2", 3", and 4", and position angles P.A. =0° and

P.A. = 90° in order to study the effects of the different instru-
ment configurations on the observed line intensities.

In the following, we describe how the various line measure-
ments were made and how corrections for aperture effects were
determined.

2.1. The HP Emission Line

An Hp light curve for the 1988-1989 observing season has
already been presented in Paper II. In Paper II, the Hp/
[O 1] 25007 flux ratio was measured for all of the spectra in
which these lines appear, and the data were then placed on an
absolute flux scale by multiplying this flux ratio by the [O 1]
A5007 line flux measured under photometric conditions
(5.53 x 107 '3 ergs s~! cm ™2, in the rest frame of NGC 5548).
Comparison of the Hf light curves obtained with different
instruments on various telescopes shows that the individual
light curves based on different data sets are offset from one
another by a multiplicative factor; the single most important
factor contributing to these systematic offsets is that different
aperture geometries were employed with different spectro-
graphs, and as a result differing amounts of [O nr] 15007 flux
from the extended narrow-line region are detected by different
instruments. This effect is corrected for in Papers II and III by
applying empirically determined (from nearly simultaneous
data) multiplicative scaling factors to the measurements from
the various data sets. It is implicitly assumed in this analysis
that each of the data sets from different sources is internally
highly homogeneous. This is as good assumption for most of
the data sets, but for a few of the data sets it is somewhat
questionable. In particular, a wide variety of relatively narrow
entrance apertures was employed for the Calar Alto observa-
tions (data set “M ” in Papers II and III), and as a result this
data set almost certainly introduces systematic errors into the
Hp light curve. Part of the motivation for the present study is
to determine the magnitude of these effects and to apply a
suitable correction to each of the Calar Alto spectra, depend-
ing on the aperture employed for each observation.

The multislit spectra obtained at Calar Alto on JD 2447574
and JD 2447663 have been examined to determine aperture
corrections for the narrow-slit data, which are those most
subject to aperture effects. We scale the observed fluxes in the
[O n1] 244959, 5007 emission lines relative to the measure-
ments obtained through a slit width of 2", since most of the
spectra of the Calar Alto subsample were taken with this slit
width. The multislit spectra show the expected result that the
intensity of the nuclear broad Hf component remains constant
for the different slit widths and position angles used. However,
because the [O 11] emission lines originate in a more extended
region, the measured flux in the [O 11] 444959, 5007 emission
lines is larger when wider entrance slits are used. We find that
the [O 1] flux measured through a 1” slit is smaller by a factor
of 0.89 + 0.08 relative to that measured through a 2” slit, and
the [O ] flux measured through a 4” slit is larger than the 2”
value by a factor of 1.10 + 0.06. Figure la shows the scaling
factors to correct [O 11] 144959, 5007 line fluxes for the effects
of using different slit widths. We note that the intensity of the
narrow HB component, which we estimate from a multi-
component fit as described below, shows the same dependence
on the slit width as the [O 11] 144959, 5007 lines.

We also find that the intensities of the [O 1r] 144959, 5007
lines and of the narrow HpB component are smaller for a posi-
tion angle of 90° compared to P.A. = 0° with a slit width of 2".
The measured flux from the extended narrow emission-line
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Fi1G. 1.—(a) Aperture correction for Hf, Hy, and He 11 14686, based on the
flux in the [O 1] 144959, 5007 narrow lines, is shown as a function of entrance
aperture slit width, normalized to the flux obtained through a 2” slit. This
graph provides a correction for properly calibrating, via the narrow-line fluxes,
the Calar Alto data obtained through various small apertures. (b) Aperture
correction for Ha, based on the [N 1] 116548, 6584 and narrow Ha line flux, is
shown as a function of slit width, normalized to a 2" slit, as in Fig. la. This
provides a flux correction for the Calar Alto data obtained through small
apertures. (c) Aperture correction for He 1 15876, based on the [Fe vir] 145721,
6087 line fluxes, as a function of slit widths, normalized to the flux through a 2"
slit. This provides a flux correction for the Calar Alto data obtained through
small apertures.

region is smaller by 52 4 1.8% at P.A.=90° than at
P.A. = 0°. This can be understood by noting the existence of a
slightly extended two-sided radio jet structure at P.A. = 160°
(Wilson & Ulvestad 1982) and the corresponding orientation

After determining and applying the correction factors to the
Calar Alto measurements only, we proceeded to construct a
complete Hp light curve in a fashion similar to the process used
in Papers II and III. We started from the corrected (to a 2" slit
width and P.A. = 0°) Hf measurements from the Calar Alto
data set. We note that the effects of seeing variations, as well as
possible centering and guiding errors, are not removed by this
process, so in fact differences due to these effects appear essen-
tially as random errors. The point-to-point scatter of the cor-
rected fluxes in the HB light curve is found to be quite small, so
it therefore can be concluded that the effects of variable seeing
and centering and guiding errors must be small.

The Hf measurements from the other data sets from the
monitoring campaign were then scaled to the Hf light curve of
the Calar Alto subsample by multiplicative scaling factors
which allowed us to correct the light curves from the different
data sets for different aperture sizes and position angles. The
individual data sets were treated as homogeneous sets and the
scaling factors were empirically determined. The final light
curve was formed by gradually building up the calibrated data
base by including additional data sets, as in Papers II and IIL
The relative size of scaling factors we used are found to be
nearly identical (to within 3%) to those of Paper II. The differ-
ent aperture sizes and the corresponding scaling factors are
given in Table 1. The smilarity between the Hf light curve
obtained here and that given in Paper II clearly demonstrates
that the results are robust.

2.2. The Ha Emission-Line Complex

Ha spectra were obtained at 99 epochs during the first year
of the monitoring campaign. The Ha emission-line complex
consists of the narrow Ho and [N 11] 116548, 6584 lines, which
are assumed to have constant flux, and the broad, variable Ha
line. We calibrated the fluxes of the Ha spectra from the sum of
the [N 1] 116548, 6584 narrow lines and the narrow Ho com-
ponent, and effected an absolute flux calibration by measuring
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TABLE 1
ScALE FACTORS FOR DATA SUBSAMPLES

Data Subsample
Source Code* P.A. Aperture Geometry Scale Factor
Ohio State CCD ......... A 90° 570 x 776, 170 x 7"6 0.953 + 0.020
ImWise ......ooeneene. B 0 20.0 x 28.0 1.038 + 0.000
INT2.5m ..ooeennnnnnn. C 0,721,754 1.5 x 6.0 0.930 + 0.000
HaleSm.................. D 61, 66.9 1.0 x 4.0, 1.0 x 7.0, 0.918 + 0.000
4.0 x 8.0
DAO ....coceiiiiiinn, E 90 5.0 x 86, ... 0.949 + 0.015
5.0 x 18.6
Mt. Hopkins ............. F 90 32 x 64 0.887 + 0.030
Ohio State IDS .......... G J,70 0.953 + 0.020
3mShane ................ H 59...130 21 x 79 0.903 + 0.064
Steward .................. I 60, 90, 130 45x 2172 0.924 + 0.053
MDM ...l K 0 1.7 x 3.0, 2.4 x 3.0, 0.949 + 0.014
6.7 x 3.0
6mSAO ...l L 9,20 0.943 + 0.000
Calar Alto ................ M 0, 90 1x100...4 x 100 1.000 + 0.000
1mNickel................ N1 0 8.8 x 9.6, 8.8 x 12.0, 1.044 + 0.000
8.8 x 16.0, 8.8 x 16.8
N2 0 4.6 x 19.2 0.963 + 0.000
21mKPNO............. o 90 19 x 4.7 0.965 + 0.000
McDonald CCD ......... L P 0, 90 8.0 % 9.0,7.0 x 7.2 1.116 £+ 0.000
McDonald IDS .......... Q 90 44 x 44 0.920 + 0.000

? Asin Papers I and I11.

the flux in the narrow lines relative to [O ] 15007. For each
spectrum, we determined the intensity of the narrow emission-
line fluxes by fitting Gaussian profiles to the observed
emission-line profiles. The best fit to the Ha complex was
obtained by using five components, as shown in Figure 2, with
two separate components to fit the variable broad line, and
three components to fit the constant narrow features, Ho, o
and the [N 11] lines. The profile-fitting program allowed all of
the profile parameters (FWHM, position of the peak, and
intensity) to vary, but only those solutions which gave narrow-
line widths and positions consistent with those of the other
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F1G. 2—Ha line complex is shown in a sample spectrum (JD = 2447535).
The complex has been fitted with five Gaussian components as shown in
Table 2.

narrow emission-lines in the spectrum as well as the theoretical
[N 1] line ratio were accepted. The FWHM and relative inten-
sities of these Gaussian components are given in Table 2; note
that the uncertainties in the FWHM and the relative flux
reflect the rms range of values found in the acceptable fits.

The FWHM of the very broad Ha component (Hw,,) corre-
sponds to a relative velocity of 13000 km s~ 1. This component
is shifted by 900 km s ! to the blue with respect to the narrow
lines. This very broad component has been detected previously
in the ultraviolet emission lines (Peterson et al. 1990; Wamste-
ker et al. 1990), and we note that the FWHM and the blueshift
of the Ha,, component are comparable to those of the very
broad components of the ultraviolet emission lines.

In order to test the efficacy of using the [N 11] 116548, 6584
lines and the narrow component of Ha as internal flux-
calibration standards, we divided the intensity of [O 1] 15007
by the sum of the intensities of these narrow lines for those
spectra which contain both the Ha and Hf complexes. We
found this ratio to have the constant value 1.91 + 0.11. The
small scatter in this ratio demonstrates that our procedure for
flux calibration of the Ha data works well.

The flux of the broad Ha line was integrated over the spec-
tral range 6500-6800 A, which corresponds to 6393—6688 g in
the rest frame of NGC 5548.

Again the Calar Alto multislit spectra were used to deter-
mine aperture correction factors for the Ho spectra; the results

TABLE 2
GAUsSIAN COMPONENTS OF Ha FiT

Component FWHM (A) Flux®
5 290.6 + 51.9 (variable)
| 5 (N 973+ 3.0 (variable)
[Nu]A6548 ......... 113+ 19 0.047 + 0.009
Hotypuceeeeenvneenns 13228 0344 + 0045
[Nu]A6584 ......... 124+ 14 0.135 + 0.020

# F([O m] A5007) = 1.00.
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of this analysis are summarized in Figure 1b, which shows the
variations of the intensity of the narrow lines in the Ha
complex as a function of slit width. To within the uncertainties,
the aperture corrections for the Ha complex are identical to
those for the Hf complex. Similarly, the dependence on the slit
position angle is found to be the same for the Ha and Hpf
complexes; the measured intensity of the narrow Ha and [N 11]
lines are smaller by a factor of 1.059 + 0.023 for P.A. = 90°
than for P.A. = 0°.

2.3. The Hy Emission-Line Complex

Spectra covering the Hy region (Fig. 3) were obtained at
only 58 epochs during the 1988-1989 observing season as in
most cases interest was focused on the stronger Ha and Hpf
complexes.

The Hy emission-line complex is comprised of the broad,
variable Hy emission line, plus the constant narrow-line com-
ponent of Hy and narrow [O 1] 14363 emission. The broad
Hy feature is also contaminated somewhat by broad, blended
Fe 11 emission lines (see also § 2.6). We measured the relative
strengths of the components in the Hy line complex in a
fashion similar to that which we used to analyze the Ha
complex, namely by a multicomponent Gaussian fit. In this
case, three components, summarized in Table 3, were used. We
note that the very broad component which is detected in Ho
and the UV lines cannot be seen in Hy on account of the
presence of many contaminating features in this part of the
spectrum.

TABLE 3
GAussiAN COMPONENTS OF Hy FiT

Component FWHM (A) Flux®
Hyproad < covevveenennns 74.6 +£9.3 (variable)
H parrow < v vveeernnnns 14.0 + 4.1 0.039 + 0.008
(O] 24363 ........ 126 + 2.6 0.109 + 0.012

* F([O m] 45007) = 1.00.

© American Astronomical Society

The intensity of the broad Hy line was scaled with respect to
the intensity of the [O ur] 144959, 5007 lines. This ratio was
corrected for aperture effects in the same way that the Hp
corrections were made, and the final Hy light curve was derived
in the same way as the Hp light curve.

2.4. The He1A5876 Emission Line

The spectral range which includes the He 1 15876 line was
observed at 82 epochs, sometimes along with the Hp spectral
region, and sometimes with the Ha complex. The He 1 15876
line flux was obtained by integrating over the spectral range
58506125 A, corresponding to 5753—6024 A in the rest frame
of the galaxy. We calibrated these measurements by using the
nearby [Fe vii] AA5721, 6087 narrow emission lines (Fig. 4).
Since these lines show marginal broad components at the
bottom of their profiles, only the narrow cores of these lines
were measured. The assumption of constant intensity of these
narrow-line components was verified by comparing the mea-
sured narrow [Fe vii] fluxes with those of the [O m] 15007
line. We find that the [O 1] A5007/[Fe vir] 1687 flux ratio has
the constant value 15.73 &+ 0.57. We also checked the depen-
dence of the narrow [Fe vir] line intensity on slit width, and
find the same dependence as for the [O 1] 144959, 5007 and
[N 1] 116548, 6584 lines. However, we find no dependence on
slit position angle for [Fe vii] 16087. The correction factors for
the [Fe vir] 145721, 6087 lines, as determined from the Calar
Alto multislit data, are shown in Figure 1c.

2.5. The He 11 14686 Emission Line

The spectral region including the He 11 14686 emission line
(Fig. 3) was observed for 57 epochs. The flux in the broad He 1t
44686 line was obtained by integrating over the wavelength
range 4670-4850 A, corresponding to 4593-4770 A in the rest
frame of the galaxy, above a linear continuum between 4300
and 5200 A. The He 1 14686 line is severely blended with
multiplet 37 and 38 lines of Fe 1, but as the optical Fe 11 lines
do not appear to vary on short time scales (§ 2.6), only a con-
stant value is added to the integrated He 1n 14686 flux we
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measure. Flux calibration of the He 11 14686 measurements was
accomplished in the same fashion as the Hf measurements, by
reference to the [O 1] 144959, 5007 lines, including the appro-
priate aperture correction as discussed in § 2.1.

2.6. The Optical Fe 1 Emission Blends

The optical spectra of NGC 5548 (Fig. 3) show prominent
Fe 11 emission comprised of many individual lines primarily
from multiplets 37, 38, 42, 48, and 49. We measured the flux in
the two strongest Fe 11 blends over the observed wavelength
ranges 4510-4670 A (multiplets 37 and 38) and 5190-5540 A
(multiplets 48 and 49) for 68 and 97 epochs, respectively. The
fluxes of these Fe 11 blends were calibrated by reference to the
flux in the [O 1] 24959, 5007 lines, as in the cases of HB and
He 11 14686. It is difficult to measure the flux in these blends
with high accuracy because they are comparatively broad, low-
contrast features and the measured flux depends critically on
how accurately the continuum points on either side of the
features can be defined. We find that the mean uncertainty in
the measurements, which can be estimated by comparing all
pairs of measurements separated in time by 4 days or less, over
which time scale little if any real variability is expected, is
about 17%. The rms scatter in the light curves (the parameter
F,,, in the next section) is, however, less than 20%. Thus, any
real variations in the optical Fe 11 blends are lost in the noise.
Lack of variability of the optical Fe 11 emission lines in NGC
5548 was previously noted by Peterson (1987) and Wamsteker
et al. (1990) for earlier epochs. We note, however, that during
the 1988-1989 observing season, the ultraviolet Fe 1 features
apparently did vary in response to the continuum variations
(Maoz et al. 1993).

3. RESULTS

3.1. The Emission-Line Light Curves

The light curves for the Balmer lines Ha, HB, and Hy, and
for the helium lines He 1 15876 and He 11 14686, measured as

described above, are presented in Table 4. The narrow com-
ponents of each of these lines, as well as other nonvariable
narrow features such as [N 11] 116548, 6584, are included in the
measurements given in Table 4 since they only add a constant
value which does not change the temporal pattern of variabil-
ity (i.e., the “ phase” of the light curves). The light curves of the
optical emission lines are shown in Figures 5a-5e. The mean
uncertainty for the relative emission-line fluxes is estimated to
be 3% for the stronger emission lines (Hx and Hp), 8% for the
weaker lines (He 1 A5876 and Hy), and 10% for the heavily
contaminated He 11 14686 line.

The pattern of variability of the optical lines is qualitatively
the same as seen in the UV lines and UV and optical continua
during this period (Papers I-III). Three “events” (outbursts
separated by local minima in the light curves) of differing
amplitude and duration are clearly seen. The duration of each
of the three events is similar for all broad lines, e.g., for HB, 86
days for the first event (JD 2447512-JD 2447598), 107 days for
the second event (JD 2447598-JD 2447705), and 50 days for
the third event (JD 2447705-JD 2447755).

The amplitude of the emission-line variations can be charac-
terized by the parameters R, and F,,,, as defined in Paper 1.
These are, respectively, the ratio of the maximum to minimum
flux and the rms of the fluctuations relative to the mean flux,
i.e., the relative amplitude of the variations. These parameters
are presented in Table 5 for the Balmer and helium lines and
the UV and optical continua. We note that inclusion of the
constant narrow features in the light curves given here leads to
underestimates of both the parameters R,,,, and F,,,, although
our values are not grossly in error because in each case the
constant components comprise a rather small fraction of the
total flux in the emission features (cf. Table 6). Both parameters
show that the higher order Balmer lines vary with larger ampli-
tude in comparison to the lower order Balmer lines as has been
concluded from earlier AGN variability studies (e.g., Anton-
ucci & Cohen 1983; Wamsteker et al. 1990). He 11 14686 varies
with a large amplitude, comparable to that of the continuum,
and similar to the behavior of He 1 411640 (Paper I).
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TABLE 4
EMisSION-LINE LIGHT CURVES*

8: Julian Date
& (2440000 +) Ho 26563 Hp 14861 Hy 24340 He 1 15876 He 1 14686
L

7.40 + 0.26 355+0.21 2.74 + 0.16 251+ 025
30.55 + 1.06 8.07 + 0.28
8.09 + 0.28
3158 + 1.11 8.64 + 0.30 397 +0.24 220+ 0.13 299 +0.30
31.56 + 1.10 8.72 + 0.31 398 +0.24 2.44 + 0.15 2.90 + 0.29

3125 + 1.09 8.82 + 0.31 249 +0.15
3239+ 1.13 8.15+0.29 4224025 2.54 £ 0.25
3224+ 1.13

31.16 + 1.09 9.22 £ 0.32 249 +0.15
8.49 + 0.30
3285+ 1.15 8.39 + 0.29
3285+ 1.15 9.42 + 033 4.69 +0.28 241 +0.14 3.28 + 0.32
33.54 + 1.17 9.04 + 0.32 245+ 0.15
3497 +1.22 9.33 +£033 4.37 +0.26 2.57 £ 0.15 3.67 £ 0.36
9.58 + 0.34 4.54 +0.27 397 +0.40
8.85 + 0.31 4.56 + 0.27 3.14 £ 031
8.98 + 0.31
9.18 £ 0.32
9.12 +£0.32
9.15 +£0.32
8.74 + 0.31
8.70 + 0.30
3161 + 1.11 8.94 + 0.31 2.32+0.14
31.51 £ 1.10 8.65 + 0.30 229 +0.14
3146 + 1.10 8.72 + 0.31 .
3155 £ 1.10 8.77 + 0.31
3227+ 1.13 8.72 + 0.31 4.29 + 0.26 237+0.14 2.70 + 0.27
31.37 + 1.09 8.59 + 0.30
8.50 + 0.30 4324026 2.31+0.23
7.99 + 0.28
3043 + 1.07 8.15+0.29 391+0.23 2124013 243 +0.24
29.18 £+ 1.02 8.46 + 0.30
2821 +0.99 8.15 + 0.29 4154025 213+0.13 2.62 + 0.26
29.49 + 1.03 791 +0.28 397 +0.24 192 + 0.12 2.29 +0.23
7.89 +0.28 417 £0.25
28.53 + 1.00 8.01 +0.28 2.13 +£0.13
28.72 + 1.01 7.87 +£0.28 3.80 +0.23 2.15+0.13 2.52+0.25

28.54 + 1.00 7.74 + 0.27 2.13+0.13

7.28 £ 0.25

7.29 £0.26
30.02 + 1.05 7.54 £ 0.26 213 +£0.13
28.35 +£0.99 7.36 + 0.26 3.79 £ 0.23 2214013 2.80 +0.28
28.11 £ 0.98 7.32 +0.26 233 +0.14

743 +0.26 223+0.13

7.65 + 0.26

29.97 + 1.05 7.88 +0.28 4.11 +0.25 2.52+0.15 3254032
31.07 + 1.09 8.07 +£ 0.28 4.13 +0.25 230 +£0.14 295+ 0.30
30.71 + 1.07 827 +0.28 242 +0.15
3159 + 1.11 832+ 0.29 4.40 + 0.26 231 +0.14 3.36 + 0.33
31.40 + 1.10 8.13 +0.28 2.30 + 0.14
31.06 + 1.09 8.33 +0.29 240 +0.14
29.40 + 1.03 8.10 + 0.28 399 +0.24 2.30 + 0.14 3.13 +£0.31
3141 + 1.10 8.40 + 0.29 4.89 +0.29 246 + 0.15 2.83+0.28
8.29 +0.29 4.38 +0.26 2.66 + 0.16 3.17 £ 0.31

3091 + 1.08 8.55 + 0.30 246 + 0.15

31.03 + 1.09 8.41 +0.29 247+ 0.15

31.46 + 1.10 842 +0.29 2.50 + 0.15

33.03 + 1.16 8.55 + 0.30 2.61 +0.16
8.49 + 0.30 4.76 + 0.29 3.61 + 0.36
8.47 + 0.30

3264 + 1.14 897 + 0.31 4.86 + 0.29 2.60 + 0.16 3.67 + 0.36
9.01 +0.32 2.75 + 0.16

9.31 £0.33

3363+ 118 9284032 4674028 2624016 376+ 037

3353+ 1.17 9.36 + 0.33 2.66 + 0.16
3265+ 1.14 9.38 +0.33 497 + 0.30 2.70 + 0.16 3.75 £ 0.37
33.04 + 1.16 9.45 + 033

9.49 + 0.33 . 294 + 0.18
3537+ 1.24 9.78 £ 0.34 2.75 £ 0.16
3517+ 1.23 9.73 + 0.34

9.63 + 0.34

422
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TABLE 4—Continued

Julian Date

(2440000 +) Ho 16563 Hp 44861 Hy 74340 He 1 15876 He 11 14686
35.12+1.23 9.76 + 0.34 2.66 + 0.16
... 10.04 + 0.35 497 + 0.30 2.83 +£0.17 3.78 £ 0.37
33.85+ 1.18 993 + 035 2.70 + 0.16
10.00 + 0.35
. 9.48 + 0.33 4.86 + 0.29 . 348 +0.34
34.58 + 1.21 9.61 + 0.34 4.89 +0.29 2.87 £ 0.17 3.62 + 0.36
3510 + 1.23 9.99 + 0.35
3545+ 1.24 10.16 £+ 0.36 493 + 0.30 278 +0.17 349 £ 0.34
34314+ 1.20 9.76 + 0.34 494 + 0.30 2.65 + 0.16 327 +£0.32
3422 4+ 1.20 9.97 + 0.35 493 + 0.30 2.75 +0.17 3.74 + 0.37
34.02 + 1.19 9.57 +£0.33
3595+ 1.24 9.60 + 0.34 ...
33.64 + 1.18 9.52+0.33 2.62 +0.16
34.11 + 1.19 9.54 + 033 247 +0.15
3448 + 1.21 9.49 + 0.33 .
34.17 + 1.20 9.41 £+ 0.33
32.07 + 1.12 9.27 + 0.32 4.46 + 0.27 252 +0.15 3.53 +0.35
3203 + 1.12 8.92 +0.31 445+ 027 246 + 0.15 3.26 +0.32
31.89 + 1.12 9.15+0.32 4.04 + 0.24 2.38 +0.14 3.03 +£0.30
3477+ 1.22 9.41 +£ 033 ... 247 +0.15 ...
34.09 + 1.19 9.27 £ 0.32 2.37 +£0.14
3234 +1.13 9.24 +0.32 227 +0.14
3382 + 1.18 9.08 + 0.32 233 +0.14
34.00 + 1.19 8.98 + 0.31 . 243 +0.15
3205 + 1.12 9.20 + 0.32 4.16 + 0.25 2.36 + 0.14
33.60 + 1.18 9.23 +£0.32 444 +0.27 240 + 0.14
31.09 + 1.09 4.14 £ 0.25
7697......... 29.73 + 1.04 8.98 + 0.31
7699......... 30.32 + 1.06 8.77 £ 0.31 .. ...
7700......... 2991 + 1.05 8.78 + 0.31 3.76 £ 0.23 297 +0.29
7701......... e 8.74 + 0.31 395+ 0.24 .. 3.10 £ 0.31
7702......... 30.90 + 1.08 8.85 £ 0.31 425+ 0.26 240 + 0.14 3.06 + 0.30
7703......... 30.75 + 1.08 8.64 + 0.30 3.87 +£0.23 225+ 013 275 £ 027
7704......... .. 8.14 + 0.28 3.90 +0.23 2.80 +0.28
7705......... 30.64 + 1.07 8.31 +£0.29 ... 241 +0.14 ...
7706......... 31.05 + 1.09
7707......... 29.72 + 1.04 8.43 +0.30 245+ 0.15
7708......... 31.04 + 1.09 8.48 + 0.30 240 £+ 0.14
7709......... 30.39 + 1.06 8.67 £ 0.30 234 +0.14
7710......... 30.90 + 1.08 8.33 +£0.29 237 +0.14
T711......... . 8.42 +0.29 430 £ 0.26 o 340 +0.34
7713......... 3141 + 1.10 7.90 £+ 0.28
T715......... 30.81 + 1.08 8.10 £ 0.28 ... 233 +0.14 ..
7716......... 31.86 + 1.12 8.14 + 0.28 4.00 + 0.24 . 3.24 + 0.32
7719......... 33.84 + 1.18 8.74 + 0.31 413+ 025 2.30 + 0.14 339+0.33
7725......... . 9.06 + 0.32 433 +0.26 .. 3.24 +0.32
7728......... 3043 + 1.06
7730......... 28.83 + 1.01 8.83 £ 031
7736......... e 843 +0.29 391 +£0.23 ..
7741......... . 8.12 + 0.28 392 +0.24 246 +0.24
7742......... 30.31 + 1.06 8.07 + 0.28 3.50 + 0.21 2.04 +0.12 1.95 + 0.20
7746......... 29.61 + 1.04 748 + 0.26 307 £ 0.18 2.16 + 0.13 1.90 + 0.19
7748......... 29.70 + 1.04 8.31 £ 0.29 3.76 +£ 0.23 224 £ 0.13 234 +0.23
7749......... 29.00 + 1.01 7.25 +0.25 .. . 1.80 + 0.18
7754......... 28.08 + 0.98 740 + 0.26 . .
7757......... 30.38 + 1.06 6.75 + 0.24 217 £ 0.13 2.05 +£0.20
7758......... 29.10 + 1.02 6.95 + 0.24 224 +0.13 o
7759......... .. 6.42 + 0.22 .. 1.87 £ 0.19
7765......... ... 6.42 +0.22 ... ... 2.76 + 0.27
7766......... 27.38 + 0.96 7.33 £ 0.26 3.04 +0.18 2.13 +0.13 2.54 +0.25
7767......... 28.10 + 098 6.95 +0.24 3.29 £ 0.20 229 +0.13 2.63 + 0.26
7769......... 29.80 + 1.04 213 +£0.13
7777......... ... 6.71 £ 0.23 3.39 £ 0.20 2.18 £ 0.13 2.66 + 0.26
7778......... 29.90 + 1.05 7.50 + 0.26 3.78 £ 0.23 212 +0.13 291 £ 0.29
T779......... 29.22 + 1.02 7.55 £ 0.26 3.38 £ 0.20 2.14 £ 0.13 2.70 + 0.27
7797 ... o 7.74 + 0.27 3.68 + 0.22 244 +0.15 2.70 + 0.27
7809......... 7.90 + 0.28 ... 244 + 0.15 e
® Fluxes in units of 10" *3 ergss™ ! cm ™2,
423
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TABLE 5

VARIABILITY PARAMETERS

Feature Mean Flux® Fou Rax
Continuum (1350 A)® ............ 43.6 + 14.1 0.318 4.57
Continuum (5100 A)° ............ 9.95 + 1.30 0.126 236
Ho o 316 £ 20 0.063 1.30
HB oo 8.6+ 08 0.096 1.58
Hy.ooooiii 42+ 0.5 0.117 1.6
He1AS876 ........................ 24402 0.088 1.53
Hem 4686 ....................... 30+ 05 0.182 220

2 Continuum fluxes in units of 10~ '3 ergs s~ ! cm~2 A~; line fluxes

in units of 10”3 ergss ™! cm 2.

® From data in Paper I (Clavel et al. 1991).
¢ From data in Paper III (Peterson et al. 1992).

3.2. Time-Series Analysis of the Light Curves

Simple time-series analysis which makes use of the emission-
line and continuum cross-correlation functions (CCF) and line
and continuum autocorrelation functions (ACF) can be used to
infer basic characteristics of the BLR (e.g., Gaskell & Sparke
1986; Gaskell & Peterson 1987; Edelson & Krolik 1988 ; Maoz
& Netzer 1989; Robinson & Pérez 1990; Koratkar & Gaskell
1991a, b). We have computed the ACFs and CCFs in two
separate ways, by using the interpolation method (ICCF) as
discussed by Gaskell & Peterson (1987) and by using the dis-
crete cross-correlation function (DCF) method proposed by
Edelson & Krolik (1988). The results of the ICCF and DCF
methods are found to be consistent in the cases considered
here.

The light curves of the optical emission lines given in Table 4
were cross-correlated with the UV continuum measurements
at 1337 A from Paper 1. The measurements we use here are
those from the GEX-extracted IUE spectra (Reichert et al.
1991). The CCFs of the emission lines (computed by the ICCF
method) are shown in Figures 6a-6e. The CCFs of the emis-
sion lines all have well-defined peaks. The location of the peaks
of the ICCF and DCF were determined by fitting a Gaussian
curve to the correlation function starting at 50% of the
maximum value. The confidence level of the CCF peaks, which
was determined using the method described by Koratkar &
Gaskell (1991a), is very high for all of the emission lines, in each
case higher than 0.996.

The results of the cross-correlation analysis are summarized
in Table 7. Here 7, is the location of the CCF peak, and r,,,,
is the value of the CCF at 7,,,. As there is no generally
accepted method of assessing the uncertainty in t,,,, we
provide two separate estimates. The value o,gp, is determined
by using equation (4) of Gaskell & Peterson (1987). An alterna-
tive estimate, o,yc), can be obtained through Monte Carlo

TABLE 6

NARROW-LINE CONTRIBUTIONS

Feature Flux®
Hacomplex ................. 2.910 + 0.280
HB oo 0.614 £+ 0.061
Hycomplex ................. 0.820 + 0.078
HerA5876 .......cccccennene. 0.17 + 0.06
HenmA4686 .................. 0.17 £+ 0.06

2 Line fluxes in units of 10" '3 ergss ™! cm ™2

simulations (e.g., Gaskell & Peterson 1987; Maoz & Netzer
1989). In our simulations, we adopted an interpolated and
slightly smoothed version of the UV continuum as used in the
cross-correlation analysis above. We then modeled the
emission-line response by assuming a transfer function appro-
priate for a thin spherical shell (for simplicity, as only one
parameter need to be specified) with a radius chosen to
produce the appropriate emission-line lag for the particular
line in question. We then sampled the model emission-line light
curve in such a way as (a) to duplicate the number of actual
data points that contribute to each light curve (e.g., 99 for Ha,
57 for He 11 14686) and (b) to preserve the same distribution of
intervals between observations as in the original data. We then
applied Gaussian-distributed random errors to each data point
so as to obtain a value of F,, identical to that of the real data
for each emission line. The simulated continuum and emission-
line light curves were then cross-correlated by the interpolation
method, and the location of 7,,,, was recorded for each trial.
This procedure was repeated a larger number of times in order
to build up a cross-correlation peak distribution (CCPD;
Maoz & Netzer 1989). In each case, the resulting CCPD was
found to be quite symmetric about the mean expected from the
model, so we quote only the rms width of the CCPD, which we
than adopt as the error estimate o).

Also given in Table 7 are the positions of the centers of the
various CCFs at 0%, 30%, and 50% r,,,,.

The emission-line ACF can also provide important informa-
tion about the BLR (see Gaskell & Peterson 1987; Robinson &
Peréz 1990), and we therefore also computed the ACFs for
each of the emission lines in this study. We note that the
observed ACF as computed by the interpolation method
ACF ,, is the convolution of the true ACF with the ACF of the
sampling window, ACFgy, (Gaskell & Peterson 1987)

ACF,,, = ACF,,, * ACFgy .

The sampling window ACF is a measure of how much of the
observed ACF is attributable to the apparent correlation that
arises from interpolating between closely spaced data points.
In order to assess how much the true ACF might be broadened
by the sampling window, we calculated first ACFygy, for the
optical data. The widths of ACFg,y are very small for all of the
emission lines (Figs. 6a—6¢), ranging from 1.6 days for Hf to 3.2

true

TABLE 7
CROSS-RELATION RESULTS

CENTER? (days)
FWHM ——
(daysy 00 03 0S5

Tmax  Oycp) OyMO)
LiNE (days) (days) days) rq..

ICCF Method

Ho.............. 17.2 1.8 22 084 446 176 172 169
HB.............. 19.1 1.5 24 089 458 20.3 200 200
Hy.............. 12.5 23 21 089 471 132 129 126
He115876 ..... 10.5 22 24 082 477 99 102 105
He 1 74686 ..... 7.1 2.1 14 085 40.6 73 61 10
DCF Method
Ho ... 19.0 1.7 ... 075 416 194 205 199
HB.............. 219 1.0 ... 09 379 227 219 217
Hy.............. 12.9 2.5 ... 073 443 13.7 132 139
He15876 ..... 11.2 1.7 ... 078 382 11.5 121 124
He 11 14686 ..... 9.8 1.5 ... 091 309 11.3 106 10.0

# Center of the CCF at various amplitudes, as fraction of r,,,,,..
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F1G. 6.—(a) UV continuum (1350 A)-Ha cross-correlation function (solid
line), the Ha autocorrelation function (dashed line), and autocorrelation func-
tion of the sampling window ACFygy, (dotted line) as computed by the inter-
polation method. The delay 7 is meaured in days. The ACFy,, is computed by
repeatedly sampling a white-noise spectrum in the same pattern as the real
observations and computing the autocorrelation function for the sampled
data. The width of this function thus provides a measure of how much of the
autocorrelation at small delays arises from the interpolation process. (b) UV
continuum (1350 A)-Hp cross-correlation function (solid line), the HB autocor-
relation function (dashed line), and autocorrelation function of the sampling
window (dotted line) as computed by the interpolation method. (c) UV contin-
uum (1350 A)-Hy cross-correlation function (solid line), the Hy autocorrelation
function (dashed line), and autocorrelation function of the sampling window
(dotted line) as computed by the interpolation method. (d) UV continuum (1350
A)-He 1 15876 cross-correlation function (solid line), the He 1 15876 autocorrel-
ation function (dashed line), and autocorrelation function of the sampling
window (dotted line) as computed by the interpolation method. (¢) UV contin-
uum (1350 A)-He u 24686 cross-correlation function (solid line), the He 1
24686 autocorrelation function (dashed line), and autocorrelation function of
the sampling window (dotted line) as computed by the interpolation method.
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TABLE 8

AUTOCORRELATION RESULTS

FWHM FWHM HWZI HWZI

(ICCF) (DCF) g, (ICCF) (DCF)

Line (days) (days) (days) (days) (days)
Hoe .ol 33.0 33.7 1.2 355 35.7
HB ...l 412 431 1.3 338 374
Hy.....o.oooool. 43.0 44.2 19 39.0 40.8
He115876 ........ 433 379 14 34.1 38.1
He 11 24686 ....... 382 342 1.5 272 334

days for He 11 14686. These values are much smaller than the
widths of any of the emission-line ACFs or CCFs. This result
justifies our assumption that the observed ACF is nearly iden-
tical to the true ACF and a correction for the limited sampling
rate is not necessary.

The ACFs for the five emission-line light curves in this study
are shown in Figures 6a—6e. The basic characteristics of the
observed ACFs are given in Table 8, as computed by both the
DCF and ICCF methods; the full width at half-maximum
(FWHM), half width at zero intensity (HWZI) and the error in
the peak position, calculated from equation (4) of Gaskell &
Peterson (1987), are given.

4. CONCLUSIONS

The combined NGC 5548 ultraviolet and optical monitoring
program has provided a data base of unprecedented size and
quality for the study of emission-line variability in AGNs. In
this contribution, we expand on previous analyses of these data
and present light curves for all of the strong well-observed
optical lines for the period 1988 December to 1989 October.
Well-sampled light curves are presented for Ha (99 epochs), HB
(133 epochs), Hy (58 epochs), He 1 15876 (82 epochs), and He i1
24686 (57 epochs). The optical Fe i1 multiplets were also exam-
ined for variability, but any real variations of these blends
appear to be masked by relatively large systematic errors in

measuring these features. The new Hp light curve obtained
here is in excellent agreement with the Hp light curve of Paper
II. These emission-line light curves all show qualitatively the
same general pattern of variability that is seen in the UV con-
tinuum and lines and in the optical continuum. Cross-
correlation of the optical emission-line light curves with the
UV continuum light curve reveals that the lines respond to the
continuum variations with time delays ranging from around 7
days (for He 11 14686) to around 20 days (for Ha and Hp). Hy
responds more rapidly than the lower-order Balmer lines, and
there is a general trend towards higher amplitude variations in
higher-order lines. The time lags for the various lines are con-
sistent with the general pattern of radial ionization stratifi-
cation of the BLR deduced from the cross-correlation results
for the UV emission lines (Paper I).
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