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ABSTRACT

We report on the results of a continuation of a large monitoring program of optical spectroscopy of the
Seyfert 1 galaxy NGC 5548. The new observations presented here were obtained between 1990 December and
1992 October, and extend the existing database to nearly 1400 days, dating back to 1988 December. The
continuum variations are generally smooth and well-resolved, except during the third year of this 4 year
project, when the variations were apparently more rapid and of lower amplitude than observed at other times.
The broad Hf emission line is found to vary in response to the continuum variations with a lag of about 18
days, but with some changes from year to year. The Hf transfer functions for each of the 4 yr and for the
entire 4 yr database are derived by using a maximum entropy method.

Subject headings: galaxies: active — galaxies: individual (NGC 5548) — galaxies: nuclei — galaxies: Seyfert

1. INTRODUCTION

Intensive spectroscopic monitoring programs are now pro-
viding a wealth of detail about the structure and size of the
broad-line region (BLR) in active galactic nuclei (AGNs) and
on the nature of the continuum and its relationship to the
emission lines (see Peterson 1993 for a review). The bright
Seyfert 1 galaxy NGC 5548 is one of the sources that has
received considerable attention in these efforts. Beginning in
late 1988, the ultraviolet spectrum of this source was observed
once every 4 days for an 8 month period with the International
Ultraviolet Explorer (Clavel et al. 1991; hereafter Paper I). A
concurrent ground-based campaign to monitor the variability
of the optical spectrum was also carried out (Peterson et al.
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1991, 1992; Dietrich et al. 1993; hereafter Papers II-1V,
respectively). By combining the UV and optical results, it has
also been possible to study the variability of the “small blue
bump,” a blend of ultraviolet Fe 1 and Balmer continuum
emission (Maoz et al. 1993). More recently, the southern hemi-
sphere Seyfert 1 galaxy NGC 3783 has been the subject of a
similar monitoring effort (Reichert et al. 1994; Stirpe et al.
1994 hereafter Papers V and VI, respectively).

Since the completion of the original monitoring campaign in
1988-89, high temporal resolution, coordinated ground-based
monitoring of NGC 5548 has been sustained. The results of the
second year of the program are described in Paper III. The
primary reasons for continuation of the program are (1) to
examine the evolution of the emission-line profiles which
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appear to change on timescales longer than the BLR light-
, crossing time (and thus probably are not attributable to excita-
tion inhomogeneities in the BLR) and may be due to structural
changes in the BLR on the dynamical timescales of a few years,
and (2) to study the continuum variability at high temporal
resolution in order to determine its short timescale behavior
over long time intervals.

In this contribution, we present the first results obtained by
doubling the temporal baseline of the published data to 4 yr.
We present optical continuum and Hf emission-line fluxes
determined from spectra obtained between 1990 December
and 1992 October. The observations are described in § 2, and
in § 3 we outline the procedure by which we produce a homo-
geneous set of continuum and emission-line flux measurments.
The results of some preliminary time-series analyses are
described in § 4, and our results are summarized in § 5.

2. OBSERVATIONS

A complete log of spectroscopic observations appears in
Table 1. Columns (1) and (2) give the UT date and Julian date,
respectively, of each observation. Column (3) gives a code
which indicates the observatory and instrument used to obtain
the spectrum; these codes are the same as in Papers II, III, and
IV of this series. The projected spectrograph entrance aperture,
in arcseconds, is given in column (4). The first dimension is the
slit width in the dispersion direction, and the second dimension
is the slit length in the cross-dispersion direction; in the case of
CCDs, the second entry is the “extraction window ” used. The
slit position angle is given in column (5), measured in the con-
ventional manner, eastward from north; the cross-dispersion
direction runs north—south for a position angle 0°. An estimate
of the seeing, when it was recorded at the telescope, is given in
column (6). The nominal spectral resolution is given in column
(7), and column (8) contains the approximate wavelength range
covered by the data. Finally, to aid future investigators who
will make use of these data, column (9) gives a unique identifier
by which the spectrum is known to the IRAF reduction system,
and which is contained in the FITS file header. The file naming
convention is the same as used in Papers II and III: the first
two characters (“n5”) identify the galaxy as NGC 5548, and
the next four characters (e.g., “8225”) contain the four least
significant figures in the Julian date, as in column (2). The next
character gives the observatory code, as in column (3). When
necessary, an additional arbitrary character is added to elimi-
nate any remaining ambiguity.

3. ANALYSIS OF THE DATA

As in Papers II and III, we will at this time restrict our
attention only to those spectra in Table 1 which cover the Hf
spectral region, and discuss only the variability of the optical
continuum and the Hp emission-line fluxes. Further analysis,
including discussion of the emission-line profile variability, will
be left to future papers.

3.1. Absolute Calibration of the Spectra

As is usual in AGN emission-line studies based on optical
spectrophotometry, flux calibration has been carried out by
assuming that the narrow emission lines are constant in flux
throughout the duration of the monitoring program. The light
travel time and recombination time for the extended narrow-
line region are both sufficiently long that this is almost certain-
ly a valid assumption. In principle, all of the spectra can be

placed on a common flux scale by multiplying each spectrum
by a constant which is chosen to give the correct integrated
flux in the narrow emission lines. The [O ur] A5007 line is
especially useful for flux calibration of spectra of the Hf region
as it is strong and usually not strongly contaminated by other
spectral features. The spectra can be placed on an absolute flux
scale if the absolute flux of [O m] 45007 is known. In Paper II,
we obtained the absolute flux in the [O m] A5007 line by
averaging measurements made through large spectrograph
entrance apertures on nights which were reported to be photo-
metric by the observers. In Paper III, we repeated this analysis
to ensure that our assumption of constant [O m] 45007 flux is
valid. We have again performed this check for the new data
reported here. The [O m] 45007 flux, transformed to the rest
frame of NGC 5548 (z = 0.0174), is given in Table 2 for those
spectra from Table 1 which were obtained through large aper-
tures on photometric nights. These data are in excellent agree-
ment with the measurements for the first 2 yr of the program,
as given in Papers IT and III. We continue to use the absolute
flux given in Paper II (5.58 x 107 '3 ergs s ™! cm~2) in order to
keep all of the measurements for all 4 yr on the same flux scale.

3.2. Spectral Measurements

Continuum (at 5100 A in the rest frame of NGC 5548) and
Hp emission-line measurements were made from the spectra
listed in Table 1 as described in Papers II and III. Data with
a common origin, as designated by the individual codes
in column (3) of Table 1, are assumed to be homogeneous,
except in a few cases where significantly different spectro-
graph entrance apertures were employed. The flux ratios
F,(5100 A)/F([O mr] 45007) and F(HB)/F([O m] A5007) were
measured for each of the spectra in Table 1 in which these
features appear. These measured flux ratios are given in Table
3, grouped by individual homgeneous data set. The continuum
and Hp fluxes can be placed on an absolute scale by multi-
plying each ratio by the adopted [O m] A5007 flux, ie.,
Fsoo7 =558 x 1073 ergss 1 cm™2,

3.3. Intercalibration of the Data

The larger data sets in Table 3 reveal similar patterns of
variability in both the continuum and the Hf emission line.
However, the light curves produced from the individual sets
are slightly offset in flux from one another, and this is attrib-
uted to aperture effects. Following Papers II, III, and VI, we
can determine an empirical correction for each of the data sets
to bring them on to a common flux scale. This is done by
adopting one of the larger data sets as a standard, and apply-
ing corrections to the other sets that bring measurements from
the two sets that are closely spaced in time into agreement. We
first define a point-source correction factor ¢ by the equation

F(HP)
F(Hp) = (PF5007[F([0 m) 15007)]«,5 > (1
where Fsqo, is the absolute [O mr] 45007 flux, and the
observed ratio is as given in Table 3. This factor accounts for
the fact that different apertures result in different amounts of
light loss for the point-spread function (which describes the
surface-brightness distribution 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 function of seeing. We do not attempt to correct for
seeing effects, and this is probably our largest single source of
uncertainty. If the surface brightness distribution of the
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LOG OF SPECTROSCOPIC OBSERVATIONS

TABLE 1

5. APERTURE

& UT JULIAN DATE SEEING RESOLUTION RANGE IRAF

L DATE (2,440,000+)  Cobe Size PA. ) A) A) FILE

()] ) 3 @ ®) ©6) Ul @®) ()]

1990 Nov 29 ........... 8225 D 40 x 9.0 114 1.5-2 8 3450-9920 n58225d
1990 Dec5............. 8231 A 50 x 7.6 90 3 9 4550-5680 n58231a
1990 Dec 11 ........... 8236 A 50 x 7.6 90 3 9 4530-5670 n58236a
1990 Dec 27 ........... 8252 A 50x 76 90 3 9 4600-5680 n58252a
1991 Jan6 ............. 8262 H 4.0 x 100 140 1-1.5 20 3880-7030 n58262h
1991Jan 1l ............ 8267 A 50 x 7.6 90 4 9 4600-5670 n58267a
1991Jan19 ............ 8275 A 50 x 7.6 90 3 9 4600-5650 n58275a
1991Jan24 ............ 8280 A 50 x 7.6 90 3 9 4520-5670 n58280a
1991Jan 31 ............ 8287 A 50 x 7.6 90 2 9 4530-5670 n58287a
1991 Feb7............. 8294 A 50x 76 90 3 9 4520-5660 n58294a
1991 Feb 11 8298 F 32 x 64 90 5 4660-7060 n58298f
1991 Feb 14 8301 N 8.8 x 120 0 12 4590-7230 n58301n
1991 Feb 14 ........... 8302 F 32 x 64 90 5 4660-7060 n58302f
1991 Feb23 ........... 8310 A 50 x 7.6 90 1.5 9 4520-5660 n58310a
1991 Mar8 ............ 8323 A 50 x 7.6 90 3 9 4530-5670 n58323a
1991 Mar8 ... 8323 F 32x 64 90 5 4660-7060 n58323f
1991 Mar9 ... 8324 F 32 x 64 90 5 4660-7060 n58324f
1991 Mar 10 .. 8325 F 32 x 64 90 5 4660-7060 n58325f
1991 Mar 14 .. 8329 F 32 x 64 90 5 4660-7060 n58329f
1991 Mar 15........... 8330 F 32 x 64 90 5 4660-7060 n58330f
1991 Mar 23 8338 A 50 x 7.6 90 2.5 9 4530-5670 n58338a
1991 Mar 26 .. 8341 L 2.0 round 4 3 4100-5140 n583411
1991 Mar 29 ... 8344 A 50 x 7.6 90 4 9 4500-5640 n58344a
1991 Apr5 ... 8351 A 50 x 7.6 90 3 9 4510-5650 n58351a
1991 Apr6 .... 8352 A 50 x 7.6 90 3 9 4520-5650 n58352a
1991 Apr7.... 8353 F 32 x 64 90 5 4610-7060 n58353f
1991 Apr7.... 8354 H 4.0 x 10.0 60 2 20 3910-6980 n58354h
1991 Apr8..... 8354 F 32 x 64 90 5 4610-7060 n58354f
1991 Apr9.... 8355 F 32 x 64 90 5 4660-7060 n58355f
1991 Apr 10 .. 8356 F 32 x 64 90 5 4720-7060 n58356f
1991 Apr 14 .. 8360 F 32x 64 90 5 4610-7060 n58360f
1991 Apr 15 .. 8361 F 32 x 64 90 5 4610-7060 n58361f
1991 Apr 16 .. 8362 F 32x 64 90 5 4660-7060 n58362f
1991 Apr 19 8365 L 2.0 round 4 3 4070-5100 n583651
1991 Apr 19 8365 A 50 x 7.6 90 2 9 4520-5660 n58365a
1991 Apr19 .. 8366 H 4.0 x 10.0 61 2 20 3900-7000 n58366h
1991 May 2 .... 8378 A 50 x 7.6 90 2 9 4530-5670 n58378a
1991 May 5 ... 8381 H 4.0 x 100 241 1.3 20 3910-7000 n58381h
1991 May 8 8384 F 32 x 64 90 5 4590-7060 n58384f
1991 May 10........... 8386 A 50 x 7.6 90 4 9 4520-5660 n58386a
1991 May 17.. 8393 A 50 x 7.6 90 2.5 9 4520-5660 n58393a
1991 May 18.. 8394 F 32 x 64 90 5 4580-7060 n58394f
1991 May 19.. 8395 F 32 x 64 90 5 4610-7060 n58395f
1991 May 20.. 8396 L 2.0 round 3 3 4060-5100 n583961
1991 May 24 ... 8400 A 50x 7.6 90 1.5 9 4540-5660 n58400a
1991 Jun7 .... 8414 A 50 x 7.6 90 3 9 4530-5670 n58414a
1991 Jun8 .... 8415 F 32 x 64 90 5 4510-7060 n58415f
1991 Jun 14 ... 8421 A 50x 76 90 2 9 4470-5610 n58421a
1991 Jun 16 ... 8423 v 1.2 x 10.0 16 3200-7980 n58423v
1991 Jun 20 ... 8427 v 1.2 x 10.0 9 3500-5970 n58427v
1991 Jun21 ... 8428 \Y% 1.2 x 50 16 3650-8600 n58428v
1991 Jun21 ...... 8428 H 80 x 79 60.1 1.5 8 4270-7300 n58428ha
1991 Jun21l ............ 8428 H 20 x 8.6 60.1 1.5 4 4540-5330 n58428hb
1991 Jun2l ............ 8428 H 20 x 79 60.1 1.5 8 6080-7220 n58428hc
1991 Jun24 ............ 8431 A 50 x 76 90 2 9 4530-5670 n58431a
1991 Jul 18 8455 A 50 x 7.6 90 2 9 4520-5650 n58455a
1991 Jul 19 8456 A 50 x 7.6 90 3 9 4520-5660 n58456a
1991 Jul 20 8457 H 4.0 x 10.0 58 2 20 3910-6980 n58457h
1991 Jul 23 8460 A 50x 76 90 3 9 4520-5660 n58460a
1991 Augs5 ............ 8473 H 4.0 x 10.0 61 4 20 3910-7040 n58473h
1991 Aug 5 8474 M 2.0 x 10.0 90 1.5 9 3950-8100 n58474m
1991 Aug 8 8477 M 2.0 x 10.0 90 2 3 4070-5560 n58477m
1991 Aug 10 8479 M 2.0 x 100 90 2 4 5510-7640 n58479n
1991 Aug20 ........... 8488 H 4.0 x 10.0 61 1.5 20 3910-7060 n58488h
1991Sep7 .evvvennnnn. 8507 M 1.0 x 10.0 0 .5 20 4340-5550 n58507ma
1991Sep7 .ouennenenn 8507 M 1.0 x 10.0 0 1.5 15 5670-7380 n58507mb
1991Sep13............ 8512 A 50 x 7.6 90 2 9 4560-5660 n58512a
1991Sep 14 ............ 8513 A 50 x 7.6 90 2 9 4550-5650 n58513a
1991 Sep15............ 8514 A 50 x 7.6 90 1.5-2 9 4550-5650 n58514a

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

624


http://adsabs.harvard.edu/abs/1994ApJ...425..622P

TABLE 1—Continued

APERTURE
uUT JULIAN DATE _— SEEING RESOLUTION RANGE IRAF
DATE (2,440,000 +) CoDE Size PA. ") A) A) FILE
()] 2 3) @ () (6) (7 ®) )
1991 Sep 16 8515 H 4.0 x 10.0 60 1-1.5 20 3140-7080 n58515h
1991 Sep 17 eeeens 8516 A 50 x 7.6 90 2.5 9 4560-5680 n58516a
1991 0O0ct 2 ....... 8531 H 4.0 x 10.0 60 1 20 3240-7500 n58531h
1991 Oct5 ............. 8534 A 50 x 7.6 90 1.5 9 4540-5640 n58534a
1992Janl ............. 8623 H 4.0 x 10.0 123 1.5-2 20 3960-7100 n58623h
1992 Jan9 ............. 8630 w 2.0 x 10.0 90 2 7 6050-7160 n58630w
1992Jan9 ............. 8630 H 4.0 x 10.0 123 1.5-2 8 3900-7070 n58630h
1992Jan10............ 8631 w 2.0 x 10.0 90 2 9 5970-7080 n58631w
1992Jan15............ 8636 A 50 x 7.5 90 10 4470-5650 n58636a
1992Jan23 ............ 8644 A 50x 175 90 3 10 4530-5700 n58644a
1992Jan30 ............ 8651 A 50x 175 90 10 4530-5700 n58651a
1992Feb3............. 8655 R 3.0 x 150 0 8 4550-7070 n58655r
1992 Feb9 ............. 8662 F 32 x 64 90 5 4610-7170 n58662f
1992Feb 18 ........... 8670 A 50x 175 90 10 4600-5700 n58670a
1992Feb24 ........... 8676 A 50x75 90 4-5 10 4500-5650 n58676a
1992Feb 25 ........... 8677 X 5.0 x 120 .. 5 3660-7200 n58677x
1992 Feb 26 ........... 8679 F 32x 64 90 5 4660-7200 n58679f
1992Feb 28 ........... 8681 F 32 x 64 90 5 4660-7220 n58681f
1992Feb29 ........... 8682 F 32 x 64 90 5 4660-7200 n58682f
1992 Mar6 ............ 8687 F 32 x 64 90 5 4660-7200 n58687f
1992 Mar7 ............ 8688 F 32 x 6.4 90 5 4660-7200 n58689f
1992Mar 10............ 8691 A 50x 175 90 2-3 10 4550~-5700 n58691a
1992 Mar 11 ........... 8692 J 50 x 12.0 90 2-3 8 3160-5780 n58692j
1992Mar 11 ........... 8693 F 32 x 64 90 5 4660-7240 n58693f
1992Mar 13 ........... 8695 H 40 x 100 59 3-5 20 3300-9990 n58695h
1992 Mar 18 ........... 8699 A 50 x 7.5 90 2-3 10 4500-5650 n58699%a
1992 Mar 26 ........... 8707 F 32 x 64 90 5 4660-7170 n58707f
1992 Aprl............. 8713 A 50x%x 175 90 3-4 10 4500-5650 n58713a
1992 AprS............. 8718 w 2.0 x 10.0 90 1.5 6 4340-5530 n58718wa
1992 Apr6............. 8718 w 2.0 x 10.0 90 2 9 6020-7140 n58718wb
1992 Apr8............. 8720 A 50x 175 90 1.5 10 4570-5650 n58720a
1992 Apr14 ........... 8726 A 50x 175 90 10 4530-5680 n58726a
1992 Apr21 ........... 8733 A 50 x 7.5 90 3-3 10 4530-5680 n58733a
1992 Apr2! ........... 8733 H 4.0 x 10.0 62 2-3 8 3090-10000 n58733h
1992 Apr22 ........... 8734 D 1.0 x 10.0 53 2 5 3170-9390 n58734d
1992 Apr24 ........... 8736 F 32 x 64 90 5 4660-7170 n58736f
1992 Apr25 ........... 8737 F 32 x 64 90 5 4660-7170 n58737f
1992 Apr29 ........... 8742 w 2.3 x 10.0 90 35 7 4300-5490 n58742w
1992 Apr30 ........... 8742 A 50x 75 90 3 10 4510-5670 n58742a
1992May 1 ............ 8743 w 2.0 x 10.0 90 3 6 4320-5510 n58743wa
1992May 1 ............ 8743 w 2.0 x 10.0 90 3 7 6000-7120 n58743wb
1992 May1 ............ 8743 F 32x 64 90 5 4660-7170 n58743f
1992May 1 ............ 8744 w 2.3 x 10.0 90 2.5-4 7 4330-5480 n58744wa
1992May 1 ............ 8744 w 2.3 x 10.0 90 4 7 5950-7080 n58744wb
1992 May?2............ 8744 F 32 x 64 90 5 4660-7170 n58744f
1992 May?2............ 8745 A\ 2.3 x 100 90 2.5 7 4290-5480 n58745wa
1992 May2 ............ 8745 w 2.3 x 100 90 2.5 9 5980-7110 n58745wb
1992 May3 ............ 8745 F 32 x 64 90 5 4660-7170 nS8745f
1992 May3............ 8746 w 2.3 x 100 90 2 6 4290-5470 n58746wa
1992 May4............ 8746 w 2.3 x 100 90 2 7 5950-7080 n58746wb
1992 May5............. 8747 E 50 x 14.5 90 5 4660-5290 n58747e
1992 May6 ............ 8748 F 32x64 90 5 4660-7160 n58748f
1992 May 8 ............ 8750 A 50x 175 90 2 10 4520-5680 n58750a
1992 May 8 ... 8750 F 32 x 64 90 5 4660-7170 n58750f
1992 May 23.. 8765 F 32 x 64 90 S 4580-7140 n58765f
1992 May 23.. 8765 H 4.0 x 10.0 62 1.5 8 3200-10200 n58765h
1992 May 24 .. 8766 F 32 x 64 90 5 4580-7170 n58766f
1992 May 26 .. 8769 R 30 x 150 0 15 4550-7030 n58769r
1992 May 27 .. 8769 F 32 x 6.4 90 5 4580-7170 n58769f
1992 May 28... 8771 W 2.3 x 100 90 2 6 4300-5490 n58771wa
1992 May 28 .. 8771 \'Y 2.3 x 10.0 90 2 7 5960-7080 n58771wb
1992 Jun3 ..... 8776 E 5.0 x 10.6 90 8 4290-5230 n58776e
1992Jun3 .... 8777 w 2.3 x 10.0 90 1.5 6 4290-5480 n58777wa
1992 Jun3 ..... 8777 w 2.3 x 10.0 90 1.5 9 6050-7180 n58777wb
1992 Jun4 ..... 8778 A\ 23 x 10.0 90 15 6 4220-5410 n58778w
1992Jun5 ............. 8778 F 32x 64 90 5 4580-7150 n58778f
1992 Junéb6 ............. 8779 F 32 x 64 90 5 4580-7170 n58779f
1992 Jun7 ..... 8780 A 50x175 90 1.5 10 4540-5700 n58780a
1992Jun7 ..... 8780 F 32 x 64 90 5 4580-7150 n58780f
1992Jun 10.... 8783 H 40 x 100 61 1.5 8 3230-10200 n58783ha
1992 Jun10.... 8783 H 4.0 x 10.0 61 1.5 4 5850-7290 n58783hb
625
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TABLE 1—Continued

APERTURE
uT JULIAN DATE _— SEEING RESOLUTION RANGE IRAF
DATE (2,440000+)  CopE Size PA. ) A) A) FILE
(1) @ 3) @ ®) ©) (7) ® ©)

1992Juni16............ 8739 A 50x%x 75 90 1.5 10 4550-5710 n58789a
1992Jun19............ 8793 M 1.3 round 3 12 3820-7340 n58793m
1992Jun23............ 8796 A 50x 15 90 3 .10 4490-5650 n58796a
1992Jun26............ 8799 \% 1.2 x 6.0 1 15 4150-9190 n58799v
1992Jun28............ 8801 F 32 x 64 90 5 4660-7200 n58801f
1992Jun30............ 8804 w 2.3 x 10.0 90 2.5 7 4250-5450 n58804w
1992 Jull .............. 8804 A 50x%x 175 90 2 10 4510-5680 n58804a
1992 Jul2.............. 8805 F 32 x 64 90 5 4660-7170 n58805f
1992Jul 7 .............. 8810 E 50 x 11.8 90 8 4260-5210 n58810e
1992 Jul 7 ......c...eees 8810 H 4.0 x 100 60 1.5 8 3230-10200 n58810ha
1992 Jul 7 .............. 8810 H 4.0 x 100 55 1.5 4 5860-7430 n58810hb
1992 Jul 8 .............. 8812 M 2.0 x 100 0 1.5 5 3680-5890 n58812ma
1992 Jul8 .............. 8812 M 2.0 x 10.0 0 1.5 7 5490-9710 n58812mb
1992 Jul 10............. 8813 E 50x 72 90 5 4740-5210 n58813e
1992 Jul 12............. 8816 M 2.0 x 10.0 0 1 5 3680-5890 n58816ma
1992Jul 12............. 8816 M 2.0 x 10.0 0 1 7 5510-9260 n58816mb
1992 Jul 14............. 8817 A 50x 75 90 3-4 10 4550-5720 n58817a
1992 Jul 15............. 8818 E 50 x 58 90 5 4690-5160 n58818e
1992Jul22............. 8825 A 50x 75 90 1.5-2 10 4540-5710 n58825a
1992 Jul 26 8830 A\ 2.0 x 100 90 1 6 4430-5620 n58830wa
1992 Jul 26.... 8830 w 2.0 x 10.0 90 1 7 6050-7180 n58830wb
1992 Jul 27.... 8831 w 2.0 x 10.0 90 2 6 4320-5510 n58831w
1992 Jul 28 .... 8831 A 50x 175 90 10 4580-5750 n58831a
1992 Jul 29.... 8833 w 2.0 x 10.0 90 3 7 4350-5540 n58833wa
1992 Jul 29.... 8833 w 2.0 x 10.0 90 3 7 6120-7250 n58833wb
1992 Jul 30.... 8834 w 2.0 x 10.0 90 2.5 7 4300-5490 n58834wa
1992 Jul 30 8834 w 2.0 x 10.0 90 25 7 6090-7220 n58834wb
1992 Jul 31.... 8834 E 50x%x72 90 5 4710-5180 n58834e
1992 Jul 31 8835 w 2.0 x 10.0 90 1 7 42905480 n58835w
1992 Aug 1 8836 w 2.3 x 10.0 90 1.5 7 4240-5440 n58836wa
1992 Aug! ............ 8836 w 2.3 x 10.0 90 1.5 8 5970-7100 n58836wb
1992 Aug?2 ... 8837 w 2.3 x 10.0 90 1 6 4400-5590 n58837w
1992 Aug3 ... 8837 H 4.0 x 10.0 60 1.5 8 3260-10180 n58837h
1992 Aug 5 ... 8839 A 50x 175 90 1-2 10 4570-5740 n58839a
1992 Aug 14 ... 8848 A 50x 175 90 1-2 10 4510-5680 n58848a
1992 Aug23 ... 8858 w 1.5 x 10.0 90 1.5 6 4300-5500 n58858w
1992 Aug24 ... 8858 H 30x 70 90 12 3320-5460 n58858h
1992 Aug 25 ... 8860 M 2.0 x 100 0 1 10 3860-9180 n58860m
1992 Aug 26 .. 8861 w 1.5 x 10.0 90 1 5 4340-5520 n58861w
1992 Aug27 ... 8862 w 1.5 x 10.0 90 1 6 43705560 n58862w
1992 Aug 28 ... 8862 A 50x%x 75 90 1-2 10 4560-5720 n58862a
1992 Aug29 ... 8864 M 2.0 x 10.0 0 2 10 3870-9170 n58864m
1992 Aug3l! ........... 8866 M 2.0 x 100 0 1 10 3860-9180 n58866m
1992Sep?2 ..... 8867 H 40 x 100 62 1.5 8 3160-10250 n58867h
1992 Sep 4 ..... 8869 A 50x 75 90 1-2 10 4530-5690 n58869a
1992 Sep 11 .... .. 8876 A 50x%x 175 90 2 10 4580-5730 n58876a
1992Sep 18 .... 8883 A 50x 715 90 10 4540-5710 n58883a
1992Sep 21 ............ 8886 H 4.0 x 100 61 1.5 8 3160-10250 n58886h
1992Sep24 ............ 8889 A 50x 75 90 1.5 10 4500-5670 n58889a
19920ct3............. 8898 A 50x 75 90 2-3 10 4510-5670 n58898a
19920O0ct3 ............. 8898 H 4.0 x 100 61 2 8 3200-10250 n58898h

CoDES FOR DATA ORIGIN.—A: 1.8 m Perkins Telescope + Ohio State CCD Spectrograph; D: 5.0 m Hale Telescope + Double Spectro-
graph; E: 1.8 m DAO Telescope + CCD Spectrograph; F: 1.6 m Mount Hopkins Telescope + Reticon scanner; H: 3.0 m Shane
Telescope + UV Schmidt Spectrograph (through 1992 Jan) + KAST Spectrograph (1992 March and after); J: 27 m McDonald
Telescope + Cassegrain Grating Spectrograph; L: 6.0 m Special Astrophysical Observatory + TV scanner: M: 3.5 m and 2.2 m Calar Alto
Observatory + CCD spectrographs; N: 1.0 m Nickel Telescope, Lick Observatory + CCD spectrograph; R:1.5 m Loiano
Telescope + CCD spectrograph; V:4.5 m MMT + CCD spectrograph; W:2.6 m Shajn Telescope, Crimean Astrophysical
Observatory + CCD spectrograph; X: 1.0 m CTIO Telescope + 2D-Frutti.

narrow-line region is known, it is indeed possible to model a ted by different apertures. An extended source correction G is
correction for seeing effects (e.g., Wanders et al. 1992), but there thus defined as

is no indication that such detailed modeling is necessary in the A

case of NGC 5548, at least for the larger apertures (see, F,(5100 A)

however, Paper IV). Fy(5100 A) = oF 5°°7|: F([O m] 15007] e G @

After correcting for aperture effects on the point-spread oo

function to narrow-line ratio, another correction needs to be The process of intercalibrating the various data sets is then
applied to adjust for the different amounts of starlight admit- carried out by comparing pairs of nearly simultaneous obser-
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TABLE 2
ABSOLUTE CALIBRATION CHECK

F([O m] A5007)

(1073 ergscm 257} File Name
(1) (2

532 i n58275a

L3 § n58287a

530 i n58393a

561 i n58414a

561 i n58473h

537 et n58488h

541 coiiiiiiil n58515h

544 ..ol n58530h

551 e n58623h

523 i n58631h

532 i, n58765h

557 o, n58783ha

5.60 cooiiiiiiinnn n58810ha

607 oo, n58837h

533 n58898h

5454023 .......... Mean value from
Years 3-4

548+024.......... Mean value from
Year 2

5584+027.......... Mean value from

Year 1 (adopted
absolute flux)

vations from different data sets to determine for each data set
the values of the constants ¢ and G which are needed to adjust
the emission-line and continuum fluxes to a common scale.
Furthermore, the formal uncertainties in ¢ and G reflect the
uncertainties in the individual data sets, so we can determine
the nominal uncertainties for each data set if we assume that
the errors added in quadrature. In practice, the interval which
we define as “nearly simultaneous” is typically 2-4 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 different data sets.

As in Papers II and III, the data are calibrated relative to
data set “A” because these data are fairly numerous, overlap
reasonably well with most of the other data sets, and were
obtained through a reasonably large aperture (570 x 776 for
the first 3 yr, and 570 x 775 for the last year, with the very
slight difference attributable to a detector change in autumn
1991). Fractional uncertainties of a.,,,/F (5100 A) ~ 0.030 and
Giine/ F(HP) = 0.040 for the continuum and Hp line, respec-
tively, are adopted for the similar, large-aperture, high-quality
data sets “A” and “H,” based on the differences between
closely spaced observations within these sets. These values are
very close to those found for the same sets in Papers II and III.
The same uncertainties were adopted for the 5 m Palomar
spectrum (set “D,” large aperture), since these data were
obtained in a way nearly identical to the Lick 3 m data (set
“H”). The internal fractional errors of the set “F” data also
have been determined from closely spaced observations (i.e.,
within 2 days), and found to be ¢,,/F;(5100-A) ~ 0.050 and
iine/ F(HPB) ~ 0.080.

For the other data sets, it was possible to estimate the mean
uncertainties in the measurements by comparing them to mea-
surements from other sets for which the uncertainties are
known and by assuming that the uncertainties for each set add
in quadrature.

In Paper IV, it was shown that aperture effects are important
for slit sizes smaller than ~2”, and for this reason we have
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divided the Calar Alto data (set “M”) into two separate sets,
depending on whether a 1” or a 2” slit was employed.

The intercalibration constants we use for each data set are
given in Table 4, and these constants are used with equations
(1) and (2) to adjust the measurements given in Table 3 to a
common flux scale, which corresponds to measurements
through the 570 x 7”5 spectrograph entrance aperture used in
set “A.” The resultant values of the continuum flux F,(5100 A)
and the line flux F(Hp) are given in Table 5, which contains the
final light curve produced by computing the variance-weighted
average of all the adjusted measurements obtained on a given
Julian data.

We can perform a final check of our uncertainty estimates by
examining the ratios of all pairs of observations in Table 5
which are separated by 2 days or less. There are 98 indepen-
dent pairs of measurements within 2 days of one another. The
dispersion about the mean (unity), divided by 2'/%, provides an
estimate of the typical uncertainty in a single measurement.
For the continuum, we find that the mean fractional error in a
given measurement is 0.042. The average fractional uncer-
tainty, from the quoted estimates for these same 98 measure-
ments in Table 5, is 0.039, which implies that our error
estimates are probably quite good. Examination of the Hpf
emission-line fluxes indicates that the fractional uncertainty is
0.051, as compared to the mean of the quoted errors for these
points, which is 0.056.

4. VARIABILITY ANALYSIS

4.1. Characteristics of the Data Base

Figure 1 shows the 5100 A continuum and Hp emission-line
light curves from Table 5. These data span a total of 674 days,
with an 89 day gap between the two observing seasons when
NGC 5548 is too close to the Sun to observe. In Figure 2, the
combined data from Table 5 and Papers II and III are shown.
The entire data base covers 1390 days. The 89 day gap between

__gl‘%‘“‘# i ﬂ

lﬁ% ;
i &éé LB ‘% &g_
Y

- R
. 1 s | PR | n | . ! 1 | . !

8200 8300 8400 8500 8600 8700 8800 8900
Julian Date (2440000+)

10

F, (5100 A)

10

F(HB)

FiG. 1.—The continuum fluxes at 5100 A (top panel) and Hf emission-line
fluxes (bottom panel) for NGC 5548, as given in Table 5, from 1990 December
to 1992 October. Fluxes are in the rest frame of NGC 5548, and are in units of
1075 ergs s™! em™2 A~! for the continuum and 107! ergs s ! cm ~2 for the
line.
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TABLE 3
MEASUREMENTS OF SPECTRA

o
€0 Julian Date  _100F,(5100 A) F(Hp) IRAF Julian Date ~ _100F,(5100 A) F(Hp) IRAF
b (2,440,000 +) F([O nr] 45007) F([O 1] A5007) File (2,440,000 +) F([O m] A5007)  F([O m] A5007) File
t)] @ 3 @ V) @ 3 @
A—Ohio State CCD
1.72 1.30 n58231a 147 1.27 n58534a
1.81 1.27 n58236a 1.82 1.29 n58636a
1.75 1.46 n58252a 1.70 1.33 n58644a
1.84 1.53 n58267a 1.72 1.32 n58651a
1.89 1.54 n58275a 1.46 1.29 n58670a
1.84 1.46 n58280a 1.32 1.31 n58676a
1.78 1.51 n58287a 1.15 1.12 n58691a
1.89 1.54 n58294a 1.10 0.95 n58699a
1.88 1.37 n58310a 0.95 0.78 n58713a
8323......... 2.02 1.46 n58323a 0.90 0.64 n58720a
8338......... 1.86 1.46 n58338a 0.95 0.55 n58726a
8344......... 1.68 1.49 n58344a 0.94 0.57 n58733a
8351......... 1.55 1.44 n58351a 0.96 0.54 n58742a
8352......... 1.57 143 n58352a 1.01 0.62 n58750a
8365......... 1.62 1.26 n58365a 1.21 0.74 n58780a
8378......... 1.72 1.27 n58378a 1.21 0.97 n58789a
8386......... 1.86 1.28 n58386a 1.11 0.85 n58796a
8393......... 1.6¢4 1.29 n58393a 1.03 0.77 n58804a
8400......... 1.48 1.28 n58400a 1.04 0.71 n58817a
8414......... 1.58 1.15 n58414a 1.07 0.75 n58825a
8421......... 1.85 1.04 n58421a 1.10 0.79 n58831a
8431......... 1.87 1.14 n58431a 1.20 0.83 n58839a
8455......... 1.53 1.37 n58455a 1.28 0.92 n58848a
8456......... 1.48 1.33 n58456a 1.31 1.10 n58862a
8460......... 1.36 135 n58460a 1.33 1.10 n58869a
8512......... 1.67 1.30 n58512a 141 1.05 n58876a
8513......... 1.69 1.32 n58513a 1.40 1.07 n58883a
8514......... 1.75 1.20 n58514a 1.39 1.16 n58889a
8516......... 1.73 1.19 n58516a 1.26 1.19 n58898a
D1—Palomar Double Spect. (Large Aperture)
8225......... 1.69 1.28 n58225d
D2—Palomar Double Spect. (Small Aperture)
8734......... 0.66 0.70 n58734d
E—DAO CCD
8747......... 0.91 0.67 n58747e 8818......... 0.95 0.70 n58818e
8776......... 1.13 0.77 n58776e 8834......... 1.1 0.80 n58834e
8813......... 0.87 0.76 n58813e
F—SAO Reticon
1.45 1.40 n58298f 8682......... 1.15 1.23 n58682f
1.37 1.53 n58302f 8687......... 0.99 1.12 n58687f
1.68 1.51 n58323f 8689......... 0.96 1.10 n58689f
1.70 1.38 n58324f 8693......... 0.98 1.09 n58693f
1.80 1.61 n58325f 8707......... 0.94 0.84 n58707f
1.72 1.53 n58329f 8736......... 0.79 0.49 n58736f
1.61 1.48 n58330f 8737......... 0.85 047 n58737f
1.28 1.49 n58353f 8743......... 0.87 0.42 n58743f
1.27 1.40 n58354f 8744......... 0.85 0.50 n58744f
1.34 1.37 n58355f 8745......... 0.82 043 n58745f
1.26 1.34 n58356f 8748......... 0.95 0.62 n58748f
1.34 1.30 n58360f 8750......... 0.90 0.54 n58750f
1.22 1.19 n58361f 8765......... 0.83 0.60 n58765f
1.21 135 n58362f 8766......... 0.81 0.68 n58766f
1.44 133 n58384f 8769......... 0.85 0.77 n58769f
1.42 1.42 n58394f 8778......... 0.96 0.70 n58778f
1.48 1.31 n58395f 8779......... 0.97 0.80 n58779f
1.32 1.08 n58415f 8780......... 0.95 0.81 n58780f
1.31 1.39 n58662f 8801......... 0.73 0.73 n58801f
1.21 1.25 n58679f 8805......... 0.83 0.81 n58805f
1.16 1.18 n58681f
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TABLE 3—Continued

Julian Date ~ _100F(5100 A) F(Hp) IRAF Julian Date ~ _100F,(5100 A) F(H) IRAF
(2,440,000+) F([O ur] 15007) F([O m] 15007) File (2,440,000 +) F([O m] 15007) F([O m] 15007) File
1) 2 3 @ 1) () 3 @

H—Lick Shane CCD
8262......... 1.58 1.47 n58262h 8630......... 1.76 1.30 n58630h
8354......... 1.58 148 n58354h 8695......... 1.08 1.18 n58695h
8366......... 1.57 1.37 n58366h 8733......... 0.98 0.60 n58733h
8381......... 1.55 1.28 n58381h 8765......... 1.00 0.70 n58765h
8428......... 1.96 1.26 n58428ha 8783......... 1.20 0.87 n58783ha
8457......... 1.44 1.38 n58457h 8810......... 0.97 0.76 n58810ha
8473......... 1.32 1.15 n58473h 8837......... 1.12 0.83 n58837h
8488......... 1.57 1.09 n58488h 8858......... 1.22 1.02 n58858h
8515......... 1.60 1.22 n58515h 8867......... 1.28 1.11 n58867h
8351......... 1.49 1.24 n58531h 8886......... 1.34 1.17 n58886h
8623......... 1.72 1.23 n58623h 8898......... 1.22 1.21 n58898h

J—McDonald 2.7 m CCD
8692......... 0.86 1.11 n58692j
L—Special Astrophysical Observatory Scanner
8341......... 1.57 1.65 n583411 839%......... 1.31 1.48 n583961
8365......... 1.37 1.33 n583651
M1—Calar Alto CCD (1” aperture)
8507......... 1.69 1.14 n58507ma 8793......... 1.20 0.92 n58793m
M2—Calar Alto CCD (2" aperture)

8474......... 1.25 1.17 n58474m 1.14 1.13 n58860m
8477......... 1.37 1.13 n58477m 1.23 1.09 n58864m
8812......... 0.78 0.67 n58812ma 1.23 1.10 n58866m
8816......... 0.76 0.67 n58816ma

N—Lick Nickel CCD

8301......... 2.72 1.35 n58301n
R—Loiano CCD
8655......... 1.50 1.36 n58655r T 8769......... 1.02 0.78 n58769r
V—MMT CCD
8423......... 1.37 1.13 n58423v 8428......... 1.53 1.19 n58428v
8427......... 1.51 1.14 n58427v 8799......... 0.68 0.83 n58799v
W—Crimean CCD
8718......... 0.74 0.78 n58718wa 8830......... 097 0.79 n58830wa
8742......... 0.96 0.58 n58742w 1.00 0.83 n58831w
8743......... 0.94 0.67 n58743wa . 1.01 0.86 n58833wa
8744......... 1.03 0.61 n58744wa 8834......... 1.08 0.84 n58834wa
8745......... 0.95 0.59 n58745wa 8835......... 0.94 0.87 n58835w
8746......... 0.90 0.61 n58746wa 8836......... 1.03 0.89 n58836wa
8771......... 0.88 0.88 n58771wa 8837......... 0.97 0.84 n58837w
8777......... 0.93 0.76 n58777wa 8858......... 1.14 1.11 n58858w
8778......... 1.01 0.76 n58778w 8861......... 1.19 1.19 n58861w
83804......... 0.97 0.85 n58804w 8862......... 1.14 1.17 n58862w
X—CTIO 2D-Frutti
8677......... 1.40 1.25 n58677x

the third and fourth year is by far the largest gap in the cover-
age; the gaps between the first and second year and between
the second and third year are only 52 days and 46 days, respec-
tively. The general characteristics of the data base are sum-
marized in Table 6.2° The fractional variation F,,, is the ratio

25 The sampling characteristics given in Table 6 supersede the incorrect
values given in Paper III.

of the rms fluctuation to the mean flux and is corrected for the
effect of measurement errors (see Paper I). The parameter R,,,,
is the ratio of maximum to minimum flux. Neither of these
parameters has been adjusted for the effects of nonvarying
components, such as the stellar continuum or the HS narrow
line.

Inspection of Figure 2 shows that the character of the con-
tinuum variations was considerably different during the third
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TABLE 4

PETERSON ET AL.

FLUX ScALE FACTORS

Point-Source

Extended Source
Correction G

Data Scale Factor (1075 ergs s !
Set 1) cm2A7Y)
(1) 2 3)

1.000 0.000

0.982 —0.491

0.764 + 0.075 —2.906 + 0.347
0.900 + 0.102 —1.075 + 0.088
1.022 + 0.085 —1.214 4+ 0.497
0.982 + 0.042 —0.491 4+ 0.337
1.017 + 0.018 —1.697 + 0.197
0.932 + 0.060 —1.846 + 0.646
0.989 + 0.092 0.150 + 0.395
0.974 + 0.060 —0.843 + 0.381
1.109 + 0.070 7.578 + 0.322
0.922 + 0.085 —0.869 + 0.505
0.990 + 0.067 —2.369 + 0479
0.882 + 0.118 —1.439 4+ 0427
1.012 + 0.043 0.132 + 0.378

year (1991) of this program than it has been at other times.
Compared to the other years in which NGC 5548 has been
closely monitored, the continuum variations was more rapid
and of lower amplitude. This behavior is reminiscent of that
observed in NGC 3783 (Papers V and VI) and shows very
clearly that the nature of the continuum variations can change
over time.

The fourth year (1992) of this program is also notable in that
NGC 5548 reached its faintest recorded state. This has also
been reported by Iijima, Rafanelli, & Bianchini (1992). A
sample spectrum obtained during this very low state is shown
in Figure 3, along with a high-state spectrum from Paper I. The

- T T T T T T T T T T T T T T

F, (5100 A)
I %
L]
ml—’-‘l
L,

i"l"\ﬁ’%

VG e A

Jullan Date (2440000+)

FI1G. 2—Optical continuum (5100 A) and HpB emission-line light curves are
shown for all 4 yr of the NGC 5548 monitoring campaign. The data for the first
year (1988 December—1989 October) and the second year (1989 December—
1990 October) are from Tables A2 and 8, respectively, from Paper III, and the
rest of the data are as in Table 5 and Fig. 1. Fluxes are in the rest frame of
NGC 5548, and are in units of 10 !5 ergs s™* cm~2 A~! for the continuum
and 10~ '3 ergs s~ cm ™2 for the line.

JD2447643 (high state)

JD2448733 (low state)

y I l 1 1 1 I 1 1 1 l 1 1 1
4000 5000 6000
Wavelength (A)

" 7000

FiG. 3.—Two optical spectra, both obtained with the Lick 3 m Shane tele-
scope, showing high and low states of NGC 5548. The lower spectrum was
obtained on JD 2,448,733 (1992 May 1). The upper spectrum, from Paper I,
was obtained on JD 2,447,643 (1989 April 27). Fluxes are in units of 10~ !* ergs
s~ !cm~2 A~! and are shown in the observed frame. The long wavelength end
of the “small blue bump,” which is prominent below 4100 A in the high-state
spectrum, is virtually absent in the low-state spectrum.

data obtained during this low state will be of particular use in
determining both the narrow-line contributions to the broad
emission features, and the starlight contribution to the optical
spectra. This will be done in a future paper.

4.2. Time-Series Analysis

The lag between variations of the optical continuum and the
Hp emission-line response can be determined by cross corre-
lation of the two light curves. Unfortunately, cross-correlation
analysis of unevenly sampled series is not completely straight-
forward. Here we adjust for the irregular sampling by using
two methods that are commonly employed in AGN variability
studies, the interpolation method of Gaskell & Sparke (1986)
and Gaskell & Peterson (1987), and the discrete correlation
function (DCF) method of Edelson & Krolik (1988), in both
cases with some minor modifications.

In the interpolation method, regular sampling is achieved by
interpolating the light curves one at a time in a piecewise linear
fashion between the real observations. The value of the cross-
correlation function (CCF) is computed for any arbitrary lag t
by pairing each of the real data points in the emission-line light
curve L(t) with interpolated points in the continuum light
curve C(t; — 7) for all points which are within the real limits of
each light curve. The CCF is then computed a second time, this
time interpolating in the other series, pairing this time the real
points C(t;) with the interpolated points L(t; 4+ ). The results
of these two computations are then averaged to form the final
CCF. For the cross correlations performed here, we normalize
the amplitude of the CCF at each lag by using the mean and
variance computed only from those points which contribute to
the CCF at that particular lag. This is in contrast to the usual
practice of normalizing with the mean and variance for the
whole time series (in other words, we are not assuming that the
light curves are statistically stationary).

In the DCF method, problem of uneven sampling is dealt
with by computing the correlation coefficient at lag t using
only real pairs of data separated by intervals in the range
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TABLE 5
OpTicAL CONTINUUM AND Hp LiGHT CURVES

F,(5100 A) F(HB) F,(5100 A) F(HB)
Julian Date (107" ergs s™! (10713 ergs Julian Date (107 ergs s™* (10713 ergs
(2,440,000 +) cm~2 A7) s™'cm™?) (2,440,000 +) cm~2 A1) s™'em™?)

m 2 (3) 1) (2 (3)

9.75 £ 0.29 7.01 +0.28 8651......... 9.60 + 0.29 7.37 + 0.29
9.60 + 0.29 7.25 + 0.29 8655......... 8.59 + 0.60 7.00 + 0.52
10.10 4+ 0.30 7.09 + 0.28 8662......... 8.69 + 0.43 7.93 + 0.63
9.77 + 0.29 8.15+0.33 8670......... 8.15 + 0.24 7.20 + 0.29
9.15 + 0.27 8.06 + 0.32 8676......... 7.37 £ 022 7.31 £ 0.29
10.27 + 0.31 8.54 +0.34 8677......... 7.77 +£ 031 7.06 + 0.35
10.55 + 0.32 8.59 + 0.34 8679......... 8.11 + 041 713 + 0.57
10.27 + 0.31 8.1540.33 8681......... 7.83 +0.39 6.73 + 0.54
9.93 +0.30 843 4+ 0.34 8682......... 7.77 £ 0.39 7.01 + 0.56
10.55 + 0.32 8.59 +0.34 6.86 + 0.34 6.39 + 0.51
9.48 + 0.47 7.98 + 0.64 6.69 + 0.33 6.27 + 0.50
9.25 + 0.46 8.35 4+ 0.54 642 + 0.19 6.25 + 0.25
9.03 + 0.45 8.73 + 0.70 .. 6.58 + 0.26 6.30 + 0.31
10.49 + 0.31 7.64 + 0.31 8693......... 6.80 + 0.34 6.22 + 0.50
11.14 + 0.29 8.23 + 0.29 8695......... 6.41 +0.19 6.47 + 0.26
1091 + 0.55 7.87 + 0.63 8699......... 6.14 + 0.18 5.30 + 0.21
11.48 + 0.57 9.18 + 0.74 8707......... 6.57 + 0.33 4.79 + 0.38
11.02 + 0.55 8.73 + 0.70 8713......... 5.30 + 0.16 4354+ 0.17
10.40 + 0.52 8.44 + 0.68 5.08 + 0.31 3.84 +0.34
10.38 + 0.31 8.1540.33 5.02 + 0.15 3.57 £ 0.14
10.01 + 0.60 8.58 + 0.56 5.30 £ 0.16 3.07 £ 0.12
9.37 + 0.28 8.31 +£0.33 8733......... 5.52 +0.12 3.23 + 0.09
8.65 + 0.26 8.03 +0.32 8734......... 5.72 + 0.31 298 +0.19
8.76 + 0.26 7.98 + 0.32 8736......... 5.72 +0.29 279 +0.22
8.51 + 043 8.50 + 0.68 8737......... 6.06 + 0.30 2.68 + 0.21
8.94 +0.23 8.08 + 0.29 8742......... 549 + 0.15 298 + 0.11
8.85 +0.44 7.81 + 0.63 8743......... 6.13 + 0.24 2.66 + 0.16
8.40 + 042 7.64 + 0.61 8744......... 6.23 + 0.24 291 +0.17
8.85+ 0.44 7.41 + 0.59 8745......... 5.98 + 0.23 2.62 +0.16
8.17 + 041 6.79 + 0.54 8746......... 5.87 + 0.35 3.00 + 0.27
8.11 + 041 7.70 + 0.62 8747......... 5.64 + 0.34 337 +£0.25
9.03 + 0.24 7.00 + 0.24 8748......... 6.63 + 0.33 3.54 +0.28
9.09 + 0.27 7.51 £ 0.30 8750......... 5.79 + 0.15 3.37 +£0.12
9.60 + 0.29 7.09 + 0.28 8765......... 5.96 + 0.15 3.74 £ 0.13
8.98 + 0.27 7.01 + 0.28 8766......... 5.83 +0.29 3.88 +0.31
9.43 + 0.47 7.58 + 0.61 8769......... 6.08 + 0.25 417 +0.23
10.38 + 0.31 7.14 + 0.29 8771......... 577 +0.35 433+ 0.39
9.15 1+ 0.28 7.20 + 0.29 8776......... 6.75 + 0.41 3.87 + 0.29
9.31 + 047 8.10 + 0.65 8777......... 6.02 + 0.36 3.74 + 0.34
9.65 + 0.48 7.47 £+ 0.60 8778......... 6.57 + 0.25 3.87+0.23
8.66 + 0.52 7.70 + 0.50 8779......... 6.75 + 0.34 4.56 + 0.37
8.26 + 0.25 7.14 + 0.29 6.72 + 0.17 421 +£0.15
8.82 + 0.26 6.42 + 0.26 7.07 + 0.21 477 +0.19
8.74 + 0.44 6.16 + 0.49 6.75 + 0.20 541 + 022
10.32 + 0.31 5.80 + 0.23 6.47 4+ 0.39 5.08 + 0.46
9.94 + 0.60 6.24 + 0.50 879%......... 6.19 +0.19 4.74 + 0.19
10.71 + 0.64 6.30 + 0.50 8799......... 6.13 + 0.37 4.59 + 0.37
11.14 + 0.30 6.83 + 0.24 8801......... 5.38 + 0.27 4.16 + 0.33
10.44 + 0.31 6.36 + 0.25 8804......... 583+ 0.16 4.28 +0.16
8.54 + 0.26 7.64 + 0.31 . 8805......... 5.95 + 0.30 4.62 + 0.37
8.26 + 0.25 7.42 + 0.30 8810......... 5.81 +0.17 4.16 + 0.17
8.38 +0.25 7.56 + 0.30 8812......... 5.08 +0.20 3.64 + 0.18
7.59 + 0.23 7.53 £ 0.30 8813......... 544 + 0.33 3.82 +0.29
7.72 + 0.23 6.30 + 0.25 8816......... 497 + 0.20 3.64 + 0.18
7.64 + 0.31 6.36 + 0.32 8817......... 5.80 +0.17 3.96 + 0.16
8.29 + 0.33 6.14 + 0.31 8818......... 585+ 0.35 3.52+0.26
9.09 + 0.27 597 +0.24 8825......... 597 +0.18 4.18 +0.17
9.18 + 0.55 6.29 + 0.57 8830......... 6.21 + 0.37 3.89 +0.35
9.32 +0.28 7.25 + 0.29 8831......... 6.18 + 0.17 435+ 0.16
9.43 +0.28 7.37 + 0.29 8833......... 6.41 + 0.38 4.23 +0.38
9.77 + 0.29 6.70 + 0.27 8834......... 6.70 + 0.28 4.06 + 0.23
9.26 + 0.28 6.68 + 0.27 8835......... 6.07 + 0.36 4.28 +0.38
9.65 + 0.29 6.64 + 0.27 8836.. 6.51 +0.39 4.38 + 0.39
8.65 + 0.26 6.79 + 0.27 8837......... 6.54 +0.18 4.47 4+ 0.16
8.20 + 0.25 7.09 + 0.28 8839......... 6.70 + 0.20 4.63 +0.19
9.92 +0.30 6.74 + 0.27 8848......... 7.14 + 0.21 5.13 +0.20
8630......... 10.14 + 0.30 7.12 + 0.28 8858......... 7.15 +£ 0.19 5.57 £ 0.20
8636......... 10.16 + 0.31 7.20 + 0.29 8860......... 7.04 +0.28 6.14 + 0.31
8644......... 9.49 + 0.28 7.42 + 0.30 8861......... 7.30 + 0.44 5.86 + 0.53
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TABLE 5—Continued

F,(5100 A) F(Hp) F,(5100 A) F(HP)
Julian Date (10715 ergs s~! (10713 ergs Julian Date (10715 ergs s ! (10713 ergs
(2,440,000 +) cm™2A7Y) s™lem™?) | (2,440,000+) cm™2 A7Y) s™!cm™?)
1) 2 3 1) V)] 3)
8862......... 7.25 +0.19 6.07 + 0.22 8876......... 7.87 +0.24 586 + 0.23
8864......... 7.53 +0.30 592 +0.30 8883......... 781 +023 597 +0.24
8866......... 7.53 +0.30 5.98 + 0.30 8886......... 783 +0.23 6.41 + 0.26
8867......... 7.50 + 0.22 6.08 + 0.24 8889......... 7.76 + 0.23 6.47 + 0.26
8869......... 742 + 022 6.14 + 0.25 8898......... 7.03 + 0.21 6.64 + 0.27

Vol. 425

7 — At/2 to T + At/2; the correlation function is thus binned
into discrete time elements of width of At. The modifications
we have introduced into the original formulation of Edelson &
Krolik (1988) are (1) we do not weight the data points by their
uncertainties, (2) we do not assume that the light curves are
statistically stationary and we therefore normalize the corre-
lation coefficient in each bin by using the mean and variance
computed only from those data points in the bin, and (3) we do
not adjust the variances by subtracting the uncertainties of the
data points in quadrature (see Edelson & Krolik, eq. [3]).

A cross-correlation analysis has been performed for each of
the 4 separate years as well as for the data set in its entirety.
The upper panels of Figure 4 show the interpolation CCFs and
DCFs for each of the 4 yr. The lower panels show both the
corresponding continuum autocorrelation functions (ACF)
and the sampling window ACFs; the latter are produced by
averaging the ACFs obtained by repeatedly sampling a white-
noise spectrum in exactly the same pattern as the real observa-
tions and then computing the ACF with the interpolation
method. The interpolation process automatically introduces a
correlation extending from zero lag to a value that character-
izes the typical sampling interval, and thus the sampling
window ACF provides a good indication of how much of the
width of the ACF is introduced by the interpolation process
rather than by real correlation of the continuum values at
different times. The interpolation CCF, DCF, continuum ACF,
and sampling window ACF for the entire 4 yr experiment are
shown in Figure 5. The characteristics of the CCFs are sum-
marized in Table 7. Here the parameter r,,, is the peak value

max

of the interpolation CCF, which occurs at a time delay Atp,,,,
and Atc,,., refers to the median of the half-maximum points.
The uncertainties in these values are typically ~2-4 days. As
before, we caution against ascribing much physical significance
to any single number that is used to characterize the CCF, as
interpolation of both the lag and its uncertainty depends on
numerous factors, including the geometry of the BLR and on
the continuum behavior (cf. Robinson & Pérez 1990). The rela-
tively small uncertainty in the lag and the similarity of the
solutions for the separate years shows that it is, however, a
well-defined and experimentally repeatable quantity.

4.3. The HP Transfer Function

It is usually assumed that the relationship between the con-
tinuum light curve C(t) and the emission-line light curve L(t)
can be written

L) = f Y()C(t — 7)de, )]
where W(r) is the geometry-dependent transfer function
(Blandford & McKee 1982). In principle, with the obervables
C(¢) and L(t), equation (3) can be inverted to solve for the
transfer function. Transfer function solutions for NGC 5548,
which have been obtained by employing a maximum entropy
method (MEM), have been presented by Krolik et al. (1991) for
the UV lines and by Horne, Welsh, & Peterson (1991) for Hp.
We have used the data described here and in Papers II and III
to construct a MEM solution for the transfer function for

TABLE 6
VARIABILITY PARAMETERS AND SAMPLING CHARACTERISTICS

SAMPLING
INTERVAL (days)
NUMBER MEAN
FEATURE OF EPOCHS Average Median FLux® ) . Rax
0] @ 3 @ &) (©) )
F (5100 A)
Year 1 (1988 Dec-1989 Oct) ............... 125 24 1 9.92 0.123 2.16
Year 2(1989 Dec-1990Oct) ............... 94 34 2 7.25 0.133 1.83
Year 3(1990 Nov-1991 Oct)................ 65 4.8 3 9.40 0.094 1.51
Year 4(1992 Jan—-1992Oct)................ 83 34 2 6.72 0.169 2.04
Combined ........coceveveininnininnenennnn. 367 38 2 8.42 0.210 2.51
Hp
Year 1(1988 Dec-1989 Oct) ............... 132 23 1 8.62 0.095 1.57
Year 2 (1989 Dec-1990 Oct) ... e 94 34 2 5.98 0.191 230
Year 3 (1990 Nov-1991 Oct) ... 65 4.8 3 7.46 0.102 1.58
Year 4 (1992 Jan—-1992 Oct).... e 83 34 2 4.96 0.284 3.03
Combined ........c.ceovvviiiiiiiiiiinninn, 374 37 2 6.94 0.260 404

2 Units as in Table 5.
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F1G. 4—The cross-correlation functions for the optical continuum (5100 A) and the Hp emission line, for each of the 4 yr of this monitoring proram, are shown in
the top row of panels. The interpolation CCF is shown as a smooth line, and the DCF values are plotted as individual points with associated uncertainties. The bin
width for the DCF is 4 days. The corresponding continuum autocorrelation functions appear in the bottom row. Also illustrated in the bottom panels are the
sampling window autocorrelations functions, which show the effect of interpolating the data between observations (Gaskell & Peterson 1987).
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F1G. 5—The top panel shows the optical continuum-Hp cross-correlation
function for the entire 4 yr monitoring program. The interpolation CCF is
shown as a smooth line, and the DCF values are plotted as individual points
with associated uncertainties. The bin width for the DCF is 4 days. The optical
continuum autocorrelation function and the very narrow sampling window
autocorrelation function appear in the lower panel.

each of the 4 yr separately and for the database as a whole.
The details of the solution are discussed more completely by
Peterson et al. (1993). The results of this analysis are shown in
Figure 6. The transfer function for the total data set is quite
similar to that derived from the first year’s data alone and the
expanded database appears to eliminate some of the structure
at large lags that Horne et al. (1991) suspected was attributable
to aliasing. However, the solutions for the separate years show
some differences from year to year, particularly in year 4
(1992), when the peak response was more rapid than in pre-
vious years, as shown by the cross-correlation results (Table 7).

5. CONCLUSIONS

The optical spectroscopic monitoring program on the
Seyfert 1 galaxy NGC 5548, described in Papers II and III, has
been extended by 2 more years to provide a total baseline of
nearly 1400 days. In this contribution, we have presented the
first results from this extended campaign:

1. The Hp emission-line variations follow those of the con-
tinuum on a timescale of about 18 days.
2. The continuum variations in NGC 5548 are usually rela-

TABLE 7

CROSS-CORRELATION RESULTS
OpticAL CONTINUUM Vs. Hf

AtPcak AtCemu
Data Set (days) (days) ¥ max
(1) (V) (3) @
Year 1 (1988 Dec-1989 Oct) ............... 22 19.4 0.87
Year 2 (1989 Dec-1990 Oct) ............... 18 19.4 091
Year 3 (1990 Dec-1991 Oct) ............... 18 18.5 0.74
Year 4(1992Jan-1992Oct) ................ 14 10.3 0.92
Combined .........coevveviiiiiiiiinninin, 18 18.1 093
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F1G. 6—The Hp transfer function for each of the 4 yr and for the entire 4 yr monitoring period. The bottom panel shows the maximum entropy fit to the observed
continuum points, shown as vertical lines which correspond to 1 ¢ uncertainties. In the four upper panels, the transfer functions for the various subsets of the data
(each individual year plus the entire data base) are shown on the left side and the right side of each panel shows the maximum entropy fit to the HB observations, also
shown as 1 ¢ error bars. The dashed horizontal lines show the mean values of the light curves.

tively slow and well-resolved with the typical sampling of the
experiment (2—4 days). However, during the third year the con-
tinuum variations were more rapid and of lower amplitude,
similar to those observed in NGC 3783 in 1992, as described in
Papers V and VL

3. NGC 5548 went through an extremely faint state in 1992.
The normally weak narrow components of the emission lines
and stellar absorption features are relatively prominent in
spectra obtained during this period and will be very useful in
assessing how all of the data are affected by these nonvariable
components.

4. The HB transfer function derived from the entire 4 yr
database is similar to that obtained by Horne et al. (1991) for
the first year’s data. The transfer function is narrow and
peaked at around 18 days with very low amplitude at zero lag.
However, the transfer functions for the 4 separate years show
some differences, notably that the peak response during the

fourth year (1992) is at smaller time delays than in the previous
years.
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