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ABSTRACT

The results of an optical monitoring campaign on the active nucleus in the luminous Seyfert 1 galaxy
Fairall 9 are presented. This campaign was undertaken in parallel with ultraviolet spectroscopic moni-
toring with the IUE satellite which is described in a separate paper. The primary purpose of this
program is to measure the response times (or “lags”) of the emission lines to continuum variations and
thus to extend the range in luminosity of active galactic nuclei (AGNs) for which such measurements
have been made. The main conclusions of this work are as follows:

1. Continuum (at 5340 Z\) variations of amplitude ~12% are detected on timescales as short as ~20
days. These variations are much larger than the typical uncertainties in the measurements, which are of
order ~2%. Over ~94 days, a factor of 2 change in the nuclear continuum was observed.

2. The optical continuum light curve resembles that of the UV continuum, showing two “events” of
low-amplitude variations with a duration of ~70 days and with no measurable lag between the UV and
optical continuum light curves. The UV data show a third larger amplitude event that occurred after the
optical monitoring had terminated and unfortunately went unobserved in the optical.

3. The Hf emission-line flux also underwent significant, low-amplitude (>20%) variations. Cross-
correlation analysis reveals that HS lags behind the UV continuum by about 23 days, a value much
smaller than what was previously suggested by earlier variability studies. However, this small lag is con-
sistent with the lags for the UV lines during this campaign in the sense that the Hf lag is approximately
50% larger than that of Lya 11216, as it has been found for lower luminosity AGNs.

4. The Hp difference profile produced by subtracting the low-state from the high-state data can be
described as a two-component structure with blue and red components of similar width (~2500 km s~ 1)
and that appear to vary in phase.

Subject headings: galaxies: active — galaxies: individual (Fairall 9) — galaxies: nuclei — galaxies: Seyfert
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1. INTRODUCTION

The continuum source and the broad-line region (BLR)
in active galactic nuclei (AGNs) are far too small to be
resolved spatially even with diffraction-limited 10 m class
telescopes. Consequently, much of what is known about the
small-scale (i.e., parsec or less) structure is based on studies
of continuum and emission-line variability. Since the late
1980s in particular, attempts have been made to make use
of coordinated continuum and emission-line variations to
determine the structure and kinematics of the BLR through
“reverberation mapping” (Blandford & McKee 1982).
Early spectroscopic monitoring programs on AGNs (see
Peterson 1988 for a review) made it clear that while
emission-line and continuum variability afforded a poten-
tially powerful tool to probe the inner structure of AGNS,
very massive observational efforts would be required to do
this effectively. This led to the formation of large consortia
to carry out multiwavelength spectroscopic monitoring
programs on AGNs. This paper describes recent work by
the largest of these consortia, the International AGN
Watch (Alloin et al. 1994), on the high-luminosity Seyfert 1
galaxy Fairall 9 (—24 < M, < —23). This program was
undertaken in support of a concurrent UV monitoring
program carried out with the International Ultraviolet
Explorer (IUE), which is described in a separate contribu-
tion (Rodriguez-Pascual et al. 1997; hereafter Paper IX),
which also includes a brief up-to-date summary of
published work by the International AGN Watch. As
explained in Paper IX, the luminosity range for which these
results have been obtained is 10%° < L,(1450 A) < 10*° ergs
s~! A~' and extension of variability studies to higher lumi-
nosities is highly desirable.

Fairall 9 (F9) is a southern hemisphere galaxy, at a red-
shift z = 0.0461. It has previously been extensively studied
at many wavelengths, as most recently summarized by
Recondo-Gonzalez et al. (1997). It has undergone the most
dramatic variations ever observed in nonblazar AGNs;
between 1978 and 1984, the UV continuum flux decreased
by a factor of 30. Since 1984, it has continued to vary, but
with an amplitude more characteristic of mean-luminosity
Seyfert 1 galaxies (i.e., over a factor of 2-3). Even in the
lower luminosity state that it has been in since the mid-
1980s, F9 is still among the most luminous Seyfert 1 gal-
axies, with UV luminosities above the upper limit of the
previous (already observed) luminosity range [at present
L,(1450 A)>10*' ergs_s~! A-1 while its historical
maximum is L,(1450 A) ~ 22 x 10** ergs s™' A7,
assuming H, = 75kms ™' Mpc™1].

As described in Paper IX, a UV spectroscopic monitoring
program on F9 was undertaken with the primary goal of
extending well-sampled variability studies to high-
luminosity Seyfert galaxies. The specific reasons for carry-
ing out a contemporaneous ground-based optical campaign
are as follows:

1. To test whether variations on short timescales (days to
weeks) are superimposed on the long-term changes already
known to occur in F9. This would provide clues about the
physical origin of the variations of the continuum.

2. To check whether the UV and optical continua vary
simultaneously, as has been found for lower luminosity
Seyfert galaxies. This is particularly important in this case
(a) since it is no longer possible to obtain reliable optical
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fluxes with the Fine Error Sensor (FES) on IUE and mainly
(b) since in the standard thin accretion disk model, the
separation between the regions in the disk that produce the
bulk of the UV and of the optical continua is larger for the
higher luminosity objects, and thus measurement of any
time delay between the UV and optical variations should be
easier.

3. To measure the time lags 7 between the optical-line
(principally Hf) and continuum variations, which gives an
indication of the size of the line-emitting region R = ct.
This has not been done before in the case of F9 for varia-
tions with typical timescales similar to or less than a few
months, although emission-line variability with this time-
scale has been detected (see, e.g., Winge et al. 1996). With
accurate determination of 7, it is possible to check the naive
theoretical prediction that R oc L'/?, where L is the AGN
continuum luminosity (see Peterson 1993). Comparison of
the time lags of the optical lines with those for the UV lines
is important to determine whether or not there is evidence
for radial ionization stratification of the BLR, as has been
inferred for lower luminosity Seyfert galaxies.

4. To look for profile variability of the Hf emission line
in order to put constraints on the kinematical models of the
BLR.

This paper presents the results of the optical monitoring
campaign on Fairall 9 and compares them with those
obtained in the UV as described in Paper IX. The obser-
vations and data analysis are described in § 2. In §§ 3 and 4,
the optical continuum and Hp light curves are presented.
The pattern of variability of the continuum, Hp total inten-
sity variations, and the Hpf emission-line profile are
analyzed in § 5. The results are summarized and discussed
in§6.

2. OBSERVATIONS

2.1. Data and Reduction

Regular spectroscopic observations of the active nucleus
of Fairall 9 were scheduled once every 4 days between 1994
May 3 and September 28 on the European Southern Obser-
vatory (ESO) 1.5 m telescope with the Boller & Chivens
spectrograph and a CCD detector. There are a few missing
epochs, however: two of them are due to a large block of
time scheduled with an instrument that was not suitable for
faint-object observations, and the rest are due to poor
weather conditions. The detailed set-up was not uniform
because this program was sharing nights with other pro-
grams, as this program required only 2.5 hr per night. In
addition to this regularly scheduled time, some additional
observations were also made by individual observers on the
1.5 m ESO telescope. Altogether, spectra for 29 epochs were
obtained between 1994 May 3 and November 1. Table 1
shows a journal of the observations, including those from
other sources as described below. The first two columns
give the Julian and civil dates of the midpoint of the obser-
vation, and the third column gives a code referring to the
origin of the data (telescope and site). Also given are the
effective air mass, projected aperture geometry (slit width
times extracted length in the spatial direction, in seconds of
arc), nominal resolution, spectral range, total integration
time, and additional comments referring to the photometric
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TABLE 1
JOURNAL OF SPECTROSCOPIC OBSERVATIONS

Integration
Aperture Resolution Range Time
JD (—2,449,000) UT Date Data Origin® Air Mass (arcsec) A A (s) Notes®
M ® ) @ ) © ™ ®) )
475924 .......... 1994 May 3 E 1.97 4x%x9 43 4410-6400 1200
479930 .......... 1994 May 7 E 1.81 4x9 4.3 4410-6400 1500
483933 .......... 1994 May 11 E 1.75 4x%x9 42 4500-6500 2700
487922 .......... 1994 May 15 E 1.76 4x9 10 4000-7880 3000 1
491924 .......... 1994 May 19 E 1.67 4x9 3.15 4320-5600 3600 1
491937 .......... 1994 May 19 C 1.38 6 x 10 8.9 4639-6069 3600
499909 .......... 1994 May 27 E 1.65 4x9 1.2 4600-5650 3600 2
511.930.......... 1994 Jun 8 E 1.35 4x9 42 4100-6100 3600
514.846.......... 1994 Jun 11 L 1.47 6 x8 12 4200-7900 3600
515832 .......... 1994 Jun 12 L 1.52 6 x 10 12 4200-7900 3300
515904 .......... 1994 Jun 12 E 1.43 4x%x9 42 4100-5900 3600
519.932.......... 1994 Jun 16 E 1.31 4x%x9 10 3980-7848 4200 3
523929 .......... 1994 Jun 20 E 1.28 4x9 42 4610-6590 4200
531918 .......... 1994 Jun 28 E 1.25 4x%x9 16 3475-9145 4200
535919 .......... 1994 Jul 2 E 1.23 4x%x9 21 3000-5650 4200 1
539.883.......... 1994 Jul 6 E 1.23 4x9 10 4200-7400 1200
542906 .......... 1994 Jul 9 C 117 72 %92 15 3737-6687 1800 4
543.832.......... 1994 Jul 10 L 2.04 6 x 15 12 3752-8466 1200 5
543883 .......... 1994 Jul 10 C 1.20 7.2 x9.2 15 4404-7165 1800 4
543900 .......... 1994 Jul 10 E 121 4x%x9 10 3700-6400 3600 1
544918 .......... 1994 Jul 11 C2 1.13 72 x 8.5 1 3782-7112 1200 4
545799 .......... 1994 Jul 12 L 1.50 6 x 10 12 4200-7900 6000
547908 .......... 1994 Jul 14 E 1.18 4x%x9 16 3320-9020 3600 3
547924 .......... 1994 Jul 14 C 1.13 5 x 10.5 1 4102-6894 900
554826 .......... 1994 Jul 21 L 1.25 3x12 12 4200-7900 3600
555910.......... 1994 Jul 22 E 1.16 4x%x9 10 3545-5475 3780 6
559.905.......... 1994 Jul 26 E 1.16 4x9 10 3545-6400 3900 1
567.884.......... 1994 Aug 3 E 1.16 4x9 6.3 4490-6400 3600 1
575.861 .......... 1994 Aug 11 E 1.16 4x%x9 16 3560-6400 3600 1
576925 .......... 1994 Aug 12 E2 1.19 2 x 6.7 10 3761-6938 600 1
579.852.......... 1994 Aug 15 E 1.16 4x9 16 3560-6400 5400
591.809.......... 1994 Aug 27 E 1.16 4x%x9 10 3827-7764 3600 3
595776 .......... 1994 Aug 31 E 1.18 4x9 6.3 4490-7124 3600
599.736........... 1994 Sep 4 E 1.16 4x9 6.3 4490-6630 3600
599.740 .......... 1994 Sep 4 L 1.24 5x 10 13 3500-7500 2400 7
607.731 .......... 1994 Sep 12 E 1.20 4x9 21 4400-10330 3900
619.733 .......... 1994 Sep 24 E 1.16 4x9 16 3600-8500 3600 3
623.725.......... 1994 Sep 28 E 1.18 4x%x9 10 3520-6600 3600
625.6% .......... 1994 Sep 30 L 1.26 6 x 40 16 3630-8314 1800 7
626.676.......... 1994 Oct 1 E 1.15 4x%x9 10 3520-6600 3600
628.733 .......... 1994 Oct 3 L 1.34 6 x 12 14 4080-8315 1800 7
653.739 .......... 1994 Oct 28 E 1.24 4x9 6.3 4490-7120 3000
664.676 .......... 1994 Nov 8 E 1.18 4x%x9 10 4450-8450 3600
724.604 .......... 1995 Jan 7 E2 1.43 15x5 10 4000-6935 180
743.571 .......... 1995 Jan 26 C 1.49 5x 10 6.2 3800-7100 2400

* Codes for the data origin are as follows. E: 1.5 m ESO spectroscopic telescope + Boller & Chivens Spectrograph + CCD. E2: 3.6 m ESO

telescope + EFOSC1  Spectrograph + CCD. L:

1.6 m LNA telescope + Cassegrain Spectrograph + CCD. C: 2.15 m CASLEO

telescope + Cassegrain Spectrograph + CCD. C2:2.15 m CASLEO telescope + REOSC Spectrograph + CCD.
b Notes.—(1) Photometric. (2) High grating angle. (3) Clouds. (4) Poor seeing, 3"~4". (5) Focus problem. (6) High humidity. (7) Haze.

conditions of the night. To avoid very long exposures, on
most nights three consecutive spectra were obtained; in
such cases, the exposure time in Table 1 refers to the sum of
the exposures for the individual frames for each night. Note
that all spectra cover at least the Hf—[O m] 114959, 5007
spectral region.

Although the 1.5 m ESO telescope data set is not truly
uniform owing to the different gratings used on the different
nights, it is at least “nearly uniform ™ in the sense that the
slit was kept at a fixed position angle and with a fixed width,
and a constant value for the extraction window was used
throughout the data reduction.

Additional spectra were obtained at other observatories.

Observations at six epochs were collected at the Complejo
Astronomico Leoncito (CASLEO) in Argentina using the
2.15 m telescope with either the Cassegrain or REOSC
spectrographs with a CCD detector. Eight more spectra
were obtained at the Laboratorio Nacional de Astrofisica,
Observatorio do Pico dos Dias (Brazil) with a Boller &
Chivens Spectrograph and a CCD camera on the 1.6 m
telescope. Two additional observations were obtained at
ESO with the 3.6 m telescope and the EFOSCI.

The spectra from the four different telescopes constitute a
large, but quite inhomogeneous, data base. The only subset
that is “nearly uniform,” as explained above, is the 1.5 m
ESO telescope data set. For the rest, even spectra obtained
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on a single telescope may differ in aperture geometry and
orientation, in addition to the differences in resolution and
wavelength range. We therefore must develop systematic
corrections that place the observations on a common scale.
We emphasize at this point that the signal-to-noise ratio of
the light curves we produce is in the end limited by our
ability to correct fully for the inhomogeneity of the spectro-
scopic data. To obtain more accurate spectrophotometric
light curves than those presented here requires obtaining
homogeneous data from single sources; data obtained with
a given instrument should always be obtained at the very
least with a constant, preferably large, slit width and fixed
position angle. Failure to do this compromises the integrity
of the data base and can render the data virtually useless.

All spectra were reduced using standard techniques avail-
able in either the MIDAS or IRAF software packages. The
CCD frames were bias subtracted, and flat-field corrections
were applied. Wavelength calibrations are based on com-
parison lamp spectra taken before and/or after the object
exposures. For the ESO 1.5 m telescope data set, the sky
background is measured in two regions, on each side of the
spectrum, and then an extraction algorithm is applied to
obtain a sky-subtracted, one-dimensional spectrum from
each frame. Only 11 pixels have been extracted in the spatial
direction (i.e., perpendicular to the dispersion), which gives
a constant 9" effective slit height. The data are corrected for
atmospheric extinction by using a mean extinction curve
appropriate for La Silla. The flux calibration is based on
standard stars, either LTT 9239 or LTT 377, but both on
most occasions, which allowed computation and compari-
son of two separate response curves that could be used as a
quality check. For most nights, the agreement between the
two standards is quite good, with the only exceptions of the
response curves for two nights (July 14 and Aug 27) when
the observation conditions were very poor, as noted in
Table 1. On the two worst nights (June 20 and September
24), only one standard was observed, but the non-
photometric conditions are obvious when comparing the
three Fairall 9 spectra obtained each night. Finally, all the
consecutive Fairall 9 frames taken on one night were aver-
aged together. Similar if not identical procedures were
employed in reduction of all of the other spectroscopic data.

Unless otherwise stated, all wavelengths quoted in this
paper are in the observed frame and fluxes are observed
fluxes not corrected for redshift or interstellar reddening
along the line of sight.

2.2. Absolute Calibration of the Spectra

As is well known, standard spectrophotometric flux cali-
bration as described in the previous section is generally
accurate only to the 10%—-15% level, primarily because of
(a) seeing-dependent light losses at the spectrograph
entrance aperture and (b) changes in atmospheric transpar-
ency. An effective way to attain higher relative photometric
accuracy in AGN monitoring is to use a method of
“internal calibration” based on the assumption that the
flux of the narrow emission lines in AGN spectra is constant
over the timescales of interest. There are various detailed
procedures for achieving this intercalibration of the spectra,
some of which are discussed by Baribaud & Alloin (1990).
In general, relative photometric accuracy of 1%-2% has
been claimed.

The procedure that we use here is to scale all of the
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spectra in flux by a single multiplicative constant to give a
constant measured flux in the narrow [O 1] 114959, 5007
emission lines. We have checked the results of our scaling
method against those obtained with the automatic scaling
procedure of van Groningen & Wanders (1992), and we find
close consistency.

The measurement of the [O m] 114959, 5007 line
strengths in Seyfert 1 galaxies is not straightforward. In the
particular case of Fairall 9, the major sources of difficulty
are (a) the large width of the Hf line and (b) the strength of
the Fe m emission, since a significant contribution from
multiplet 42 underlines the HS—[O 1] region (Fig. 1) of the
spectrum. The nuclear spectrum of F9 shows a weak but
very broad wing underneath the red side of the [O mr]
A5007 line that might be attributed to (a) emission from a
very broad Hf red wing, (b) Fe n emission, (c) a broad
[O m] A5007 component, (d) some combination of the
above, or (e) some unidentified feature. We can reasonably
exclude the possibility of very broad Hf as no similar
feature is seen redward of either Ha of Hy. Fe m emission
must contribute to this broad wing, given the observed
strength of other Fe n features (Fig. 1), but it does not
exclude partial contribution from other sources as well.
Further discussion of this feature is beyond the scope of this
paper, but we note its presence since it has an effect on our
measurement procedures. In order to keep the measure-
ment procedure simple, we have chosen to measure only the
narrow [O m1] flux, avoiding the flux in the wing underlying
it. Therefore, we define a local continuum for the [O ]
lines as a straight line fitted to the 5150-5161 A and 5270-
5302 A intervals, and we have summed the intensities of

Fy ( 10 erg.s lem™2871)

Fell

4800 4700 4800 4900 5000 5100 5200 5300 5400 5500 5600 5700

Wavelength (&)

FiG. 1.—Hp region of the Fairall 9 (F9) spectrum as observed on 1994
May 15 (JD 2,449,487.9). The principal emission lines are identified. The
dotted line represents the Fe 1 emission for a low state of nuclear activity
as modeled by Recondo-Gonzalez et al. (1997). It is shown for comparison
only as we have not attempted to deconvolve it from the rest of the emis-
sion lines. The method used to measure the continuum and the Hf and
[O m] fluxes is also illustrated. The dot-dashed line delineates the local-
[O m1] continuum approximated by a linear fit in the two regions limited
by the small vertical bars. The total [O 1] emission is the flux integrated
above this line and is represented as the shaded area. The long-dashed
vertical lines indicate the two windows where the local-Hf continuum has
been measured, and the straight line interpolated between them is also
shown as a thin continuous line. The horizontal lines below Hf and the
thin vertical lines show the spectral ranges where the central (c), blue (b),
and red (r) Hp fluxes have been integrated above the local pseudocontin-
uum.
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both emission lines above this continuum (Fig. 1). To test
the efficacy of this procedure, we have also measured the
individual [O m] A5007/[O m] 44959 flux ratios using this
same underlying continuum, and in all cases, the obtained
values are close to the theoretical value of 3. However, the
mean value (3.17 + 0.14) is somewhat larger than expected,
which indicates that there may be a systematic error in the
procedure, the most probable being an underestimation of
the [O m] 14959 flux or, equivalently, an overestimation of
the local continuum below it as a result of blending with the
broad Hp wing. This comparison of the fluxes of the two [O
] lines indicates that [O 1] 44959 is about 10% smaller
than expected and, therefore, that the total [O mr] 114959,
5007 flux loss is only about 3%.

The absolute [O 1] 45007 flux to which all the spectra
have been scaled is based on the [O m] A5007 fluxes mea-
sured on the seven photometric nights noted in Table 1, i.e.,
F([O 1] A5007) = (2.34 + 0.03) x 10" 3 ergss~ ! cm ™2 All
spectra are scaled by a multiplicative constant to match this
value. The values of these scale factors are an indication of
the level of accuracy one can obtain with standard photo-
metric calibration (i.e., referencing count rates to those mea-
sured for standard stars). The mean value of the obtained
scaling factors is 1.001 with a rms deviation of 0.257. Most
(25 of 29) of the scaling factors are between 0.8 and 1.2. The
remaining four are 0.35 and 0.32 for the spectra of June 16
and September 24, respectively, which were obtained under
very poor observing conditions (Table 1), and 1.8 and 1.3
for the July 22 and August 31 spectra, respectively.

As mentioned above, we have also used the algorithm of
van Groningen & Wanders (1992) to determine the scale
factors. This algorithm effects the flux correction by adjust-
ing three free parameters to minimize the residuals in selec-
ted narrow emission lines in a difference spectrum formed
by subtracting a high-quality reference spectrum from each
of the observations. The adjustable parameters are the flux
scaling factor, a relative linear wavelength shift between the
two spectra, and a relative convolution factor that accounts
for small resolution differences between the two spectra. By
varying these initial parameters, the program finds the
optimal solution that minimizes the residuals of the fit.

The comparison of the scaling factors yielded by both
methods shows that they are consistent within 4%, and the
mean values agree to 1.4% + 1.1% if we consider only the
ESO 1.5 m data set. If we consider all the spectra, the differ-
ences are always smaller than 10%, and the mean values of
the scaling factors agree to 4% + 5%. We adopt these as
measures of the internal accuracy of the fluxes and therefore
assume that the accuracy of the internal calibration of the
ESO 1.5 m data set is ~1.4% and that of the entire data set
~5%. However, for those few ESO spectra for which the
scaling factors greatly differ from unity (as described above),
we will assign uncertainties of 3%. These uncertainty esti-
mates do not take into account possible systematic errors.

The absolute flux we adopt, F([O m] A5007)=
(2.34 + 0.03) x 10713 ergs s~ cm ™2, is in good agreement
with previously published measurements. These include
F([O m] A5007) = (2.33 +0.12) x 10~ 3 ergs s*! c¢cm~?
(Lub & de Ruiter 1992), F([O mr] 15007) = 2.40 x 10~ 13
ergs s ! cm~? (Whittle 1985), and F(O 1]
25007) = (2.18 + 0.65) x 10713 ergs s~ cm ™2 (Stirpe, van
Groningen, & de Bruyn 1989). Comparison of these values
with our measurement is not straightforward as it is not
specified in the literature how the [O m] 15007 flux is mea-
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sured and whether the reported values include the flux in
the “[O m]-wing” or the Fe 1 15018 emission. Neither of
these appear to contribute significantly to our measure-
ments, although a small contribution from Fe 1 cannot be
excluded. We estimate that the systematic uncertainty of
our absolute fluxes is of order 10%.

3. THE NUCLEAR CONTINUUM EMISSION

3.1. Measurement of the Nuclear Continuum

The optical continuum flux measured from the spectra
consists of at least two components: (1) the variable AGN
component (referred to hereafter as the “nuclear com-
ponent,” which arises in a pointlike source, and (2) a spa-
tially extended but presumably constant component, which
results from the integrated light of stars in the host galaxy.
Separation of these two components is not straightforward
and is complicated by how the observed surface brightness
distributions of these two components change with atmo-
spheric seeing; the ratio of nuclear light and host-galaxy
light recorded through a fixed aperture geometry varies
with seeing. In principle, it is possible to correct for these
aperture effects if the seeing is measured and one has a good
model for the host-galaxy surface brightness distribution
(see, e.g., Wanders et al. 1992); even if a formal correction
cannot be made, aperture effects can be reduced by using a
fixed aperture geometry with dimensions larger than the
worst seeing one expects to encounter (Peterson et al. 1995).
In practice, it is possible to determine empirically adjust-
ments for aperture effects between contemporaneous light
curves, as has been done in other International AGN
Watch programs (see, e.g., Peterson et al. 1994, and refer-
ences therein), provided that the individual data sets are
internally homogeneous. Unfortunately, in this experiment,
only the ESO 1.5 m telescope data (set E) were obtained
through a fixed entrance aperture, and therefore only this
data set can be used to measure the optical continuum.

The continuum flux has been measured in the only
nominally emission-line—free window covered in all the
spectra, that is, between the strong [O m] 45007 line and
the Fe 1 blend longward of this feature. In the observed
frame, this continuum window lies at an observed central
wavelength of 5340 A and a width of 24 A (Fig. 1). Another
spectral window that is relatively free of emission lines is
immediately shortward of Hp, centered at 4967 A and 24 A
wide. However, it is potentially contaminated by both the
very broad wings of Hf and He 1 14686, and therefore, it
will be used only to estimate a local pseudocontinuum
under the HF—[O m] region that will be used for the
purpose of Hf emission-line measurements, as described
below. Table 2 gives the measured values of the 5340 A
average flux density, and Figure 2 plots them as a function
of time. The quoted errors are the quadratic sum of the
1.4% (or 3% for a few cases; see above) uncertainty in the
internal calibration plus the rms deviation around the mean
flux in the continuum window. The largest of these contri-
butions is always the internal calibration uncertainty.

Fairall 9 is sufficiently distant from Earth that the
angular size of the host galaxy is quite small (08 x 0.7),
which means that even small apertures include a large frac-
tion of the total light from the galaxy. The problem is not
critical because of the weakness of the galaxy relative to the
active nucleus, but the contribution from the galaxy is
nonetheless nonnegligible. At an observed wavelength of
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TABLE 2
OpPTICAL CONTINUUM LIGHT CURVE

F 5340 A)
(107 ergss ™t cm™2 A7Y)
)]

Julian Date
(—2,449,000)
(1)

475924 ...... 5.56 + 0.09
479.930...... 5.56 + 0.09
483.933...... 5.36 + 0.08
487922...... 5.31 +0.08
491924 ....... 5.55 +0.08
499.909...... 5.52 +0.09
511.930...... 5.72 + 0.08
515.904...... 5.51 +0.08
519932...... 573 £ 0.16
523.929...... 5.86 + 0.08
531.918...... 5.78 + 0.08
535919...... 5.65 +0.08
539.883...... 5.44 + 0.08
543.900...... 5.66 + 0.08
547.908...... 5.37 + 0.08
555.910...... 6.05 + 0.17
559.905...... 5.32 +0.08
567.884...... 5.60 + 0.08
575.861...... 5.83 +0.08
579.852...... 5.99 + 0.08
591.809...... 594 + 0.08
595.776...... 6.44 + 0.18
599.736...... 5.92 + 0.09
607.731...... 6.83 + 0.10
619.733...... 6.36 + 0.19
623.725...... 6.36 + 0.09
626.676...... 6.59 + 0.09
653.739...... 7.88 +0.13
664.676...... 7.86 + 0.11
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FI1G. 2—From top to bottom, we show first the 1390 A UV continuum
light curve (from Paper IX), next the 5340 A optical continuum light curve
(Table 2), and then the HB,,,, Hp, .., and Hp, ., fluxes (Table 4). The errors
associated with the optical points do not include the uncertainty in the
absolute calibration, as described in the text.
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5340 A, a direct comparison of the fluxes in two pairs of
spectra that are nearly simultaneous in time and are taken
with different apertures suggests that the stellar contribu-
tion for an aperture of 6” x 10”is ~1 x 10~ ergss 1cm ™2

~1 larger than that within a 4” x 9” rectangular aperture.
The total flux through the smaller of these apertures is
about 5.5 x 10" *%ergss 'ecm 2 AL

The host-galaxy contribution through a given aperture
geometry can be estimated by integrating a model of the
galaxy surface brightness distribution. Since we were unable
to obtain a good photometric image of F9 under good
seeing conditions, for this analysis we used published azi-
muthally averaged radial surface brightness distributions,
as discussed recently by Recondo-Gonzalez et al. (1997),
from Griersmith & Visvanathan (1979), Lub & de Ruiter
(1992), and Véron-Cetty, Woltjer, & Roy (1991). The consis-
tency of the results by these three groups is discussed by
Recondo-Gonzalez et al. (1997), who find a good agreement
between Griersmith & Visvanathan and Véron-Cetty et al.,
while the galactic fluxes in F9 derived by Lub & de Ruiter
are smaller by a factor ~2, probably because the exponen-
tial disk profile they consider is less suitable than the r'/#
bulge law used by Griersmith & Visvanathan and Véron-
Cetty et al. Using the Griersmith & Visvanathan decompo-
sition, we obtain a galaxy flux of 2.7 x 10" ** ergss ™' cm 2
A tand 3.3 x 107 1% ergs s~ cm~2 A~! through circular
apertures of r = 3739 and r = 4”37, respectively (equivalent
to 4” x 9” and 6” x 107, in the sense that they cover equal
areas). This means ~0.6 x 10" ergss ' cm ™2 A~! more
flux in the larger of the two apertures, consistent with the
estimate obtained by subtracting contemporaneous spectra,
as described above.

4. THE Hp EMISSION LINE

The flux of Hf was measured by fitting a linear contin-
uum between the intervals 49564980 A and 5328-5352 A
and integrating the flux above the estimated continuum
between 4985 and 5163 A, similar to what has been done in
the case of NGC 5548 (Peterson et al. 1991) and NGC 3783
(Stirpe et al. 1994). The integration range is shown as “c” in
Figure 1. We refer to this measurement hereafter as the
“central Hf flux” F(HP)en. F(HP),en includes the flux
between radial velocity v, = —5900 km s~ ! to v, = 4600
km s~ !, where v, is measured relative to the peak of the Hp
narrow component. Larger radial velocities were excluded
to avoid possible contamination by other species. This mea-
surement includes only part of the broad Hf component
and does not include the flux in the very broad Hf red wing,
which as noted above, we believe is primarily contami-
nating emission. The Hf narrow component emission is
also included in F(Hp),.,, but its contribution should be
constant, and at worst it will only decrease the contrast of
the light curves. The fluxes in the blue and red wings of Hf
[included in F(Hp)..,] have also been measured separately.
They are computed as the total flux above the continuum
between radial velocity v, = 400 km s~ ! and v, = 3200 km
s~ 1, hereafter called F(Hp),.q and shown as “r” in Figure 1,
and v, = —400 km s~ ! and v, = —3200 km s, hereafter
called F(Hp),;,. and shown as “b” in Figure 1. As for
F(Hp)..,, larger radial velocities have been avoided because
of possible blendings with other features.

As noted above, the various data sets often show system-
atic offsets relative to one another, and these are generally
attributed to aperture effects. In the case of these data, we
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have compared measurements of F(Hp),., from the different
data sets based on closely spaced observations. We find that
observations separated by less than 2 days can be brought
into close agreement by multiplicatively scaling the mea-
surements from sets C and L by a constant. The constants
required to bring the light curves from sets E, L, and C into
agreement are given in Table 3.

Table 4 lists and Figure 2 plots the values of F(Hf)..,,
F(HP)p1ue> and F(HP),.q, all suitably adjusted to a common
scale by multiplying the measured values by the scaling
constants given in Table 3. The error bars displayed include
the propagation of the uncertainties in the continuum under
each line (measured as the rms deviation of the mean in
each of the two continuum windows in which it is
computed). Other possible uncertainty sources should give
rise to smaller errors. For instance, the corrections applied
to account for systematic offsets between different data sets

TABLE 3

SCALING PARAMETERS

Data Set Scaling Factor
¢Y) @
E....... 1.000
L........ 1.123 + 0.046
C........ 1.071 £ 0.048
TABLE 4

Hp LicHT CURVES

Julian Date

(—2,449,000) F(Hp)...* F(HBy1e" F(HB), "
) @ ©) @
475.925...... 472.6 £ 152 1332 + 4.3 1784 + 3.8
479.930...... 490.8 + 189 140.8 + 5.3 183.5 + 4.7
483933...... 4833 + 11.6 136.2 + 3.3 180.5 + 2.9
487.923...... 469.8 +9.7 1345+ 238 1730 + 24
491.931...... 4751 £ 52 1356 + 1.5 1764 + 1.3
499.909....... 4351+ 228 1211 £ 65 1622 £ 5.5
511.930...... 465.7 £ 9.5 1335+ 2.7 1702 +£ 2.3
515.339...... 459.5 £ 3.5 138.6 £ 1.0 167.5 £ 0.9
515.904...... 467.5 + 7.1 132.8 £ 2.0 1724 + 1.8
519.932...... 479.7 +12.8 138.6 + 3.6 174.5 £ 32
523.929...... 459.2 + 11.5 130.8 + 3.3 1714 £ 2.8
531918...... 4854 + 8.7 1423 + 2.5 1782 + 2.1
535919...... 480.3 + 8.1 1432 +23 1755 £ 20
539.884...... 4743 +11.8 139.6 + 3.3 1744 + 29
543.630...... 4994 +29 1514 +£ 0.8 180.2 +£ 0.7
545.359...... 5163 + 3.0 1552+ 0.9 189.9 +£ 0.7
547.916...... 484.8 + 5.5 1440 + 1.5 1794 + 14
554.826...... 5131+ 123 1719 £ 3.5 1751 £ 3.0
555.910...... 499.1 +£19.2 143.0 £ 5.5 180.1 + 4.6
559.905...... 483.1 + 84 142.6 + 24 1784 + 2.1
567.884...... 4729 £ 119 138.9 + 34 176.7 + 29
575.861...... 487.7 + 89 148.8 £ 2.5 180.0 + 2.2
576.925...... 471.6 + 9.2 1419 + 2.6 1723 £ 23
579.852...... 489.9 + 6.9 1479 + 19 179.0 + 1.7
591.809...... 4979 + 8.1 1459 £ 23 1832+ 20
595.777...... 4762 + 14.2 1372+ 4.0 179.5 £ 3.5
599.738...... 477.7 £ 6.1 130.7 + 1.7 190.8 + 1.5
619.733...... 526.3 + 22.6 1553 + 64 196.2 + 5.6
623.725...... 526.5 + 10.4 1544 +29 196.0 + 2.6
626.185...... 4973 + 4.6 150.5 + 1.3 1814 + 1.1
628.733...... 506.8 + 18.6 151.7 £ 5.2 186.6 + 4.6
653.740...... 4903 + 229 1416 + 6.4 1835+ 5.7
664.676...... 538.6 + 7.5 160.3 + 2.1 197.7+ 1.8
724.604...... 597.7 + 11.0 175.6 + 3.1 2248 +2.7
743.571...... 676.1 + 6.9 199.1+19 2554 + 1.7

. — — — e _
2 Unitsare 10" ergss 'cm ™2 AL,
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or the differences on aperture within the sets may have left
some residual scaling errors on individual points, but they
are not considered.

5. THE PATTERN OF VARIABILITY

5.1. Amplitudes and Timescales

The light curves in Figure 2 clearly show the variations of
the optical flux at 5340 A and the lower amplitude variabil-
ity of the Hf fluxes. Table 5 summarizes some simple char-
acteristics of the continuum and Hp variability. Column (1)
lists the individual spectral features. Column (2) gives the
unweighted mean and rms flux averaged over all obser-
vations, and column (3) gives the fractional variation F,,,
(defined as the ratio of the rms to the mean flux, after sub-
traction of the measurement error in quadrature; see Paper
IX). The ratio of maximum flux to minimum flux R,
appears in column (4).

The mean optical continuum level from Table 5 is
F,(5340 A) =595 x 10" % ergs s ! cm~2 A~'. Following
the discussion above, we subtract an estimated value of
F (5340 A)gal =27 x 10" ergss~ ' cm~2 A~! to account
for the starlight from the underlying galaxy through the
4" x 9" aperture, which yields a mean nuclear flux of
F,(5340A),,. =33 x 10" Sergss ' cm~2A !, as givenin
Table 5. This value is close to the recorded historical
minimum for F9, as is also found for the UV continuum
during the same epoch (Paper IX). Further comparisons can
be made with optical fluxes reported by Lub & de Ruiter
(1992) and with the historical ¥ light curve from Recondo-
Gonzalez et al. (1997). The latter has been inferred from the
measurements of the optical photomultiplier (the FES) on
board the IUE satellite. After adjusting the published values
to observed, uncorrected fluxes and adjusting to common
starlight corrections, we can safely conclude that the contin-
uum level of the active nucleus in F9 was close to or at its
historical minimum during most of the monitoring cam-
paign of 1994, .

The maximum amplitude variations (R,,,) of the 5340 A
flux are significantly smaller than those of the fluxes in the
different UV bands (ranging from R, ,, = 3.72 + 042 at
1390 A to R,.x = 2.68 £+ 0.24 at 1880 A). This confirms the
general trend reported in Paper IX that the amplitude of the
variations decreases at longer wavelengths. In Paper IX, it
was argued that, in contrast to the general wisdom that
AGN UV/optical spectra vary with larger amplitude at
shorter wavelengths, the amplitude of continuum variation
in F9 appears to be independent of wavelength and that the
apparently decreasing amplitude of variability with increas-
ing wavelength is simply the result of increasing contami-

TABLE 5
VARIABILITY PARAMETERS

Feature Mean and RMS Flux® F,. R,
(1 © G) @
F,(5340 é) ......... 5.95 + 0.66 0.110 1.48 + 0.03
Fy(5340 &) ....... 325 + 0.66 0200 198 + 0.08
HBenoooviovinnninns 495 + 42 0.082 1.55 + 0.08
HB e e, 145 + 14 0097  1.64 % 0.09
HB,ogeeoeeeeennn. 183 + 17 0090  1.57 + 0.06

a Units are 10~ 25 ergs s~ * cm~2 A~ for the continuum and 10~ ergs
s~ 'cm™ 2 for HB.

® Ratio between maximum and minimum values. Uncertainties calcu-
lated by propagation of 1 ¢ flux errors.
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nation by a constant component. Following the arguments
in Paper IX, Figure 3 plots the optical continuum fluxes
versus the contemporaneous (i.e., within 2 days) ultraviolet
fluxes (however, we have excluded the optical point mea-
sured on JD 2,449,607, which we regard as suspiciously
high). If the amplitude of variation of the nuclear contin-
uum is independent of wavelength, these data should show
a linear relationship, and the intersection of the best-fit line
with the optical axis should give an estimate of the
constant-component flux (principally starlight) at 5340 A
The best-fit line to these data gives a constant component
flux of F,(5340 A) = 3.89 x 10 S ergss ' cm 2 A~

44% larger than the starlight flux estimated by 1ntegrat10n
of the galactic surface brightness distribution. If we subtract
the constant-component flux from the measured optical
fluxes, we find that a power-law fit of the form

log F,(5340 A), . oc y log F,(1390 A) (1)

yields a slope y = 1.002 + 0.081, i.e., a linear relationship.
The difference between the estlmated galaxy flux F,(5340
A)gal =27 x 107" ergs s~ ' cm™? A~T and the constant-
component flux F,(5340 A) =39 x 10715 ergs s™! cm ™2
A~ Vinferred from Figure 3 is plausibly attributable to addi-
tional contamination of the 5340 A continuum by Fe m
emission. The amount of Fe I emission estimated by
Recondo-Gonzalez et al. (1997) for a low state of activity of
F9, as shown in Figure 1, apparently accounts for the differ-
ence in these values. ThlS suggests that, at least during the
1994 campaign, the decrease in the amphtude of the 5340 A
flux variations relative to the 1390 A variations can be
accounted for by dilution of the optical continuum by a
combination of stellar light and Fe 11 emission only, rather
than by “hardening” of the continuum as it brightens. This
result is in agreement with that of Recondo-Gonzalez et al.
(1997), who find that the UV and optical fluxes vary in strict
proportion even during the large amplitude of variations
recorded from 1978 to 1991. Another example of an AGN
that maintains a constant UV/optical spectral energy dis-
tribution while its intensity changes is the low-luminosity
Seyfert 1 galaxy NGC 4593 (Santos-Lleo et al. 1995). This is
contrary to what has been concluded in other cases.

F,(5340 A) (10" ergs s cm? A™)
T
1

PRI T N N Y AN T NS AT N TR W
0 10 20 30 40 50

F,(1390 A) (10" ergs §' cm? A™)

FIG. 3—Measured F,(5340 A) continuum fluxes are plotted on a linear
scale against contemporaneous (i.e., within 2 days) UV fluxes F,(1390 A)
from Paper IX. The dotted line shows the best-fit linear relationship
between these parameters, which intersects the y-axis at F,(5340 A) ~ 3.9
x 10" ergss tem 2AL
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Comparison of the 1390 and 5340 A light curves in
Figure 2 shows that the variations in the two bands are
similar and apparently in phase, despite the absence of
optical data during the most significant variations near the
end of the campaign; the only indication of this large event
in the optical light curve is that the last two data points are
well above the mean level of the rest of the previous data.
For the first two events, the amplitude of the optical varia-
tions (~10% and 20% for the first and second events,
respectively) is smaller than in the UV (~50%), but the
nuclear optical variations are similar to those in the UV.

Close inspection of the point-to-point variations of the
continuum flux shows that no significant variations are seen
on 4 day timescales, which is the minimum timescale of
variability that can be studied with these data. Very slight
variations (4%—-5%) are seen on six occasions, but only at
the 2 o level. On somewhat longer timescales, fluctuations
up to 12% in 20 days and 24% in 30 days (at the 5.7 and 9.5
o level, respectively) are detected. The largest change
detected, with R,,,, = 1.48 + 0.03 (Table 5), took place over
94 days.

Table 5 and Figure 2 show that the Hf variability ampli-
tude is smaller than that of the optical continuum. Part of
this effect can be explained by the contribution to the HS
flux of other sources that are either (a) constant or (b) vari-
able but on a timescale different from broad-line HS. The
most important contributions are due to Fe i and narrow
Hp emission (see Fig. 1). Another, less important, contribu-
tion is the HB absorption from the underlying starlight. We
estimate that it is less than 2% of the average Hf,., inten-
sity, using the strength of the stellar continuum and the
typical equivalent widths of HS absorption in the bulge of
early-type spirals (e.g., from 3.4 to 3.9; Bica 1988). These
contaminating contributions are less important for Hp, .4
and almost negligible for Hf,,,., and indeed both the HS, .4
and Hf, .. components exhibit larger values of F,,, than
the central Hf fluxes. However, the variability parameters
of the Hp,,,. flux still indicate that the intrinsic Hf ampli-
tude of variability is still smaller than that of the continuum
flux, as has been found in other well-monitored AGNs.

5.2. Cross-Correlation Analysis

In order to quantify the relationship between the various
light curves presented here and in Paper IX, we have carried
out a simple cross-correlation analysis. Cross-correlation
functions (CCFs) have been computed by using two differ-
ent algorithms: the interpolation method of Gaskell &
Sparke (1986) and the discrete correlation function (DCF)
of Edelson & Krolik (1988). In each case, the specific algo-
rithms used are as described by White & Peterson (1994).
Both methods give the same results, as is generally the case
for reasonably well-sampled data. Figure 4 plots the CCFs.
The top panel shows both the UV/optical continuum CCF
as well as the UV continuum autocorrelation function
(ACF) for comparison. The next three panels show the
results of cross-correlating the Hp..,, Hpy., and Hp 4
light curves with the 1390 A continuum light curve, and the
bottom panel shows direct cross-correlation of Hf,, . and
Hp,.q- Table 6 summarizes the important features of the
CCFs. Columns (1) and (2) give the two time series that are
cross-correlated. Column (3) gives the location of the peak
in the CCF that is nearest to zero lag, since the other peaks
are almost certainly aliases; positive lags are in the sense
that the second series is delayed relative to the first. Column
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Fi1G. 4—Cross-correlation functions (CCFs), based on the light curves
shown in Fig. 2. The upper panel shows as a solid line the result of cross-
correlating the 1390 A UV continuum light curve with the 5340 A optical
continuum light curve. The filled circles with error bars show the dis-
crete correlation function (DCF) values. The dotted line shows the UV
continuum autocorrelation function for the subset of the light curve (JD
2,449,473.6 to JD 2,449,657.4) used in the calculations here. The middle
three panels show the results of correlating the 1390 A light curves with
those for HB..,, Hf,.., and Hp, .4, respectively, as given in Table 4. The
bottom panel shows the direct cross-correlation of Hf,,,. and Hp, .

(4) gives the centroid of this peak 7., and its maximum
value r,,,, is given in column (5). The value of 7, is com-
puted using all points in the peak above 0.8r,,,,. Column (6)
gives the full width at half-maximum (FWHM) for each
CCF. The CCFs shown in Figure 4 and summarized in
Table 6 were computed using only the parts of the light
curves that strongly overlap; specifically, UV and optical
data after JD 2,449,665 were not used in the calculations.

TABLE 6
CROSS-CORRELATION RESULTS

T eak Tcen!
First Series Second Series (d};ys) (days) rn.. (days)

M @ ©) @ 0 (6

F,(1390 A) ...... F,(1390 A) (ACF) 0. 0. 1.00 47
F (5340 &) ...... F,(5340 &) (ACF) 0. 0. 100 170
F(5340 Ay...... F (5340 Ay (ACF) 0 0. 1.00 47
F,(1390 &) ...... F,(5340 &) 1 —36 089 109
F, (1390 &) ...... F,(5340 &) 0 —24 070 39
F, (1390 4) ...... F(HP).., 23 230 082 33
F,(1390 A) ...... F(HB)y e 23 267 067 33
F,(1390 &) ...... F(HB),., 23 218 076 42
FHB)ye ------- F(HP),.4 -1  —08 062 32

? Subset from JD 2,449,475.9 to JD 2,449,626.7, excluding JD 2,449,
555.9 and JD 2,449,607.7.
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The peak of the UV/optical continuum cross-correlation
is near a value of zero lag, but it is fairly broad and rather
poorly defined. The strongest variations in the optical con-
tinuum occur at the very end of the campaign, when the
light curves are poorly sampled. The results should thus be
quite sensitive to the 27 day gap that occurred immediately
before the two final observations. Furthermore, there are
two points in the optical continuum light curve that
we regard as suspiciously high, at JD 2,449,555 and JD
2,449,607. We have therefore defined a “best subset” of
the optical continuum data, which extends from the begin-
ning of the campaign and ends with the observation on JD
2,449,626 and excludes the two suspicious points. We then
cross-correlated this reduced subset of 25 points with the
part of the UV light curve that overlaps with them. Figure 5
compares the results for both versions of the optical contin-
uum light curve. Table 6 summarizes the results for both.

Table 6 also summarizes the UV continuum/Hf CCFs
shown in Figure 4. The peaks of the continuum/line CCF's
indicate a line flux lag of 23 days. Here the CCFs are based
on the light curves up through JD 2,449,664.7; we also com-
puted the CCFs using the data only from the best sampled
part of the Hp light curves, through JD 2,449,628.7, but the
results were nearly identical. We also cross-correlated the
1390 A light curve with only the most homogeneous Hf
measurements, those from the ESO 1.5 m telescope (set E),
and again the results did not change. We thus regard the
measured Hp lag as quite robust.

0

All optical continuum data

-5

1

Best subset

Correlation coefficient
0 5

ST T T T[T T T T T T T T[T 7T T[T,

-5

el Lo v b b baa g Ly
-60 -40 -20 0 20 40 60 80
Lag (days)

F1G. 5—The top panel shows the CCF computed by cross-correlating
the entire optical continuum light curve (as in Table 2 and Fig. 2) with the
overlapping part of the 1390 A UV light curve from Paper IX (also shown
in Fig. 2). The lower panel shows the CCF that is obtained by reducing the
length of the UV and optical light curves to avoid interpolating across the
27 day gap near the end of the optical light curve, and with two suspi-
ciously high optical continuum points (at JD 2,449,555 and JD 2,449,607)
excluded. The filled circles show the corresponding DCF values.
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The uncertainties in the cross-correlation results have
been estimated by running Monte Carlo simulations as
described by White & Peterson (1994). The same procedure
was applied to the results of the UV campaign in Paper IX.
We find that the uncertainties in the UV/optical continuum
lag and in the Hp lag are about 1-2 days and about 2-3
days, respectively.

Finally, we also cross-correlated the blue wing and red
wing Hf fluxes directly in order to test for gross radial
motions within the BLR. Table 6 and the bottom panel of
Figure 4 show that there is no lag detected between the blue
and red sides, which thus rules out predominantly radial
motion of the Hf-emitting gas.

5.3. Hp Profile Variations

Emission-line profile variability is of interest in that it can
provide strong constraints on kinematical models of the
BLR. A convenient way to search for line profile variations
is by comparing the mean and rms spectra computed from a
well-sampled time series of spectra, such as we have here.
The upper panel in Figure 6 shows the 4600-5900 A range
mean spectrum together with the rms variations about this
mean. To compute these spectra, individual absolute inter-
calibrated spectra have been convolved to a common
resolution (that of the ESO spectrum from JD 2,449,531).
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F1G. 6.—(a) The average of the best ESO spectra, convolved to the same
resolution. (b) The rms deviations about the above average. (c) The mean
“high” state and “low” state spectra. (d) Difference between the two
spectra shown in (c). The narrow Hp peak is indicated with a dot-dashed
line and the peaks of the two Hf components (see text) as dotted lines.
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Spectra of lower resolution were excluded from this compu-
tation, as were all spectra we regard as of lower or dubious
quality (usually because of poor observing conditions, as
noted in Table 1). A total of 18 spectra have been used to
compute the mean and rms spectra.

Mean “high”-state and “low ”-state spectra have also
been computed. The high-state spectrum is the average of
the spectra taken on JD 2,449,665, JD 2,449,654, JD 2,449,
627, and JD 2,449,624 and the low-state spectrum is the
average of the spectra from JD 2,449,476, JD 2,449,480, JD
2,449,484, JD 2,449,488, and JD 2,449,512. All spectra were
convolved to the same resolution before averaging. The
second panel of Figure 6 shows both spectra and their dif-
ference.

Finally, the difference between two individual spectra has
also been computed (Fig. 7) based on the single highest state
spectrum (JD 2,449,665) and the single lowest state spec-
trum (JD 2,449,488). Both spectra were obtained with the
same telescope and instrument configuration, and no cor-
rection for resolution has therefore been applied. The range
covered by the difference spectrum is larger than that shown
in Figure 6, from ~4500 X up to ~ 7880 A:, The amplitude
of the variations decreases from ~5200 A to ~6000 A.
There is an increase of the amplitude of the variations in the
wavelength region of He 1 15876. To the red, the variations
remain more or less with the same amplitude until the blue
wing of Ha is reached.

It is clear from Figures 6 and 7 that small, but significant,
line profile variations have occurred in H during the 1994
optical campaign. Figure 7 shows that Ho has experienced
similar changes, although an atmospheric absorption
feature at ~6865 A (the telluric O, B band) does not sub-
tract out cleanly and therefore did not allow a detailed
comparison of the red part of the Hf and Ha profiles. The
Hp line variations (both in the rms and difference spectra)
exhibit two clear components, one longward and one short-
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F1G. 7—a) The spectra obtained at ESO on 1994 November 8 (JD
2,449,664.7) (higher state) and 1994 May 15 (JD 2,449,487.9) (lower state).
(b) The difference between the spectra in (a). Notice that the continuum and
the broad lines all increased. In particular, as is also shown in Fig. 6, the
hydrogen Balmer-line difference profiles show a clear two-component
structure. As in Fig. 6, the dotted lines indicate the peak position of these
two components in Hf or the position where they should be if He 1 15876
and Ha had the same structure. The dashed lines indicate the positions of
the narrow-line peaks. The broad dip near 7450 A in (b) is a calibration
artifact, due to the differences in the response functions estimated from the
standard stars. The residuals near 7600 A are due to the telluric A band.
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ward of the line center. The Ha difference profile shows a
similar two-component structure. Comparison of the blue
variable components of Hx and Hf gives and Ha/Hp ratio
of 2.1 + 0.4. This value is quite low as compared to the ratio
usually found in the BLR of Seyfert 1 galaxies (from 4 to 6)
but is not significantly different from the recombination
case B value of 2.8. The He 1 A5876 fluctuations, though very
noisy, are also double peaked. In contrast, the variable part
of the He 1 14686 line does not show any clear indication of
a two-component structure. The He 1 14686 fluctuations
could be described in terms of a single very broad com-
ponent that is slightly blueshifted. The Fe m blend at
~5370-5620 A (observed wavelengths) seems to remain
constant during the entire monitoring campaign. Neverthe-
less, both the He m 14686 and the Fe 1 are weak features.
Their possible fluctuations (in the rms and difference
spectra) are very noisy, and a more careful analysis should
be performed.

Double-peaked broad-line profiles or variability profiles
have already been reported for a small number (25-30) of
AGNs, most of them radio loud (see, e.g., Puchnarewicz,
Mason, & Carrera 1996 and references therein). The inter-
pretation of these features is still controversial and beyond
the scope of this paper. Merely for the sake of description
and not as a physical model, we have fitted the Hf differ-
ence and rms profiles with two Gaussians above a linear
continuum. The two best-fit Gaussians are characterized by
velocities relative to the narrow Hf peak of about —2800
and +1900 km s~ ! and corresponding widths of 2500 and
2200 km s~ ' (FWHM), respectively. Their intensity ratio is
~1.3, with the blue component the brightest. This scheme
resembles the profile decomposition by Recondo-Gonzalez
et al. (1997) for the UV lines in Fairall 9. Apart from two
central components (one narrow and another broad), these
authors find two additional broad components: one cen-
tered at v, ~ +3300 km s~ ' longward of line center and
another one at v, * —3600 km s~ ! shortward of the line
center. Both have similar widths, 5800 km s~ ! and 5900 km
s~ 1, respectively. Although the positions of the UV-line
components are clearly compatible with those found for the
rms and the difference Hp profile, their widths are larger.

Not only does the F9 Hf profile vary, but the profile
variations are also variable themselves. During a previous
optical monitoring campaign in 1991-1992 (Winge et al.
1996), in the difference between two spectra, taken 4 months
apart, the variable Hf profile is well described by a quite
smooth, blueshifted component. Also, Wamsteker et al.
(1985) find that the difference Hf profile between two
spectra obtained on 1981 December and 1982 November,
shows an enhanced red shoulder, which they characterize
by a Gaussian component 1650 km s~ (FWHM) wide and
centered at a velocity, relative to the narrow Hp peak, of
+2280 km s~ 1. Moreover, Wamsteker et al. show that this
Hp red shoulder varies by a factor 3 during their 1981-1984
campaign, while the blue wing remains constant within the
measurement errors. This behavior suggests that, at those
epochs, the variations of the blue and the red components
were not in phase as happens during the 1994 campaign
described in this paper (see § 5.2).

6. SUMMARY AND CONCLUSIONS

The results of optical ground-based monitoring of the
high-luminosity Seyfert 1 galaxy F9 have been presented.
These data were obtained in conjunction with a large IUE
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monitoring project that is described elsewhere (Paper IX).
Unfortunately, the highest amplitude variations detected in
the longer UV campaign are not sampled in the optical
because the core of the ground-based campaign was com-
pleted before the UV increase started, and these results are
thus based on a more limited time series of data character-
ized by lower overall variability.

1. The optical continuum (measured at an observed
wavelength of 5340 A) varied significantly during this moni-
toring period. The optical continuum light curve resembles
that of the UV continuum, but with lower amplitude varia-
tions. After allowing for contamination of the optical light
curve by starlight from the host-galaxy and Fe 1 emission
from the BLR, we find that the amplitude of the continuum
variations at 5340 A is about the same as at 1390 A. In
contrast to what has been reported for most other sources,
it appears that in F9 the continuum does not get “harder”
as it gets brighter, as had been previously concluded from
UV alone by Recondo-Gonzalez et al. (1997) and as we
reported in Paper IX.

2. Cross-correlation analysis reveals that there is no
detectable (ie, >1-2 day) delay between the UV and
optical continuum variations, as has been found in lower
luminosity AGNE.

3. Cross-correlation analysis reveals that Hf lags behind
the UV continuum by ~ 23 + 3 days, rather larger than the
lag found for Lya (~15 days; Paper IX), which is remi-
niscent of results for lower luminosity AGNs such as NGC
4151, NGC 5548, and NGC 3783.

4. We examined the behavior of Hf in various radial-
velocity (v,) ranges and could find no appreciable differences
between the central (—5900 kms~! < v, < +4600 km s~ 1),
blue-side (—3200 km s~ < v, < —400 km s~ 1), or red-side
(+400 km s~ ! <v, < +3200 km s ') flux light curves,
except for mild indications of larger amplitude variations of
the last two features, which is attributable the dilution of the
central flux by nonvariable emission features, particularly
the constant Hf narrow-line component and Fe 11 emission.

5. The Hp line profile variations can be described in
terms of a two-component structure, one component shifted
to the blue and another one to the red of the line peak, and
of similar widths (~2500 km s~ ! ). During this monitoring
campaign, both components appear to vary in phase.

The results derived from this study confirm those
obtained from the UV campaign (Paper IX), most impor-
tantly that F9 appears to vary on similar timescales and
with comparable amplitudes as other radio-quiet AGNs of
1-2 orders of magnitude lower intrinsic luminosity, e.g.,
NGC 5548, NGC 3783, and NGC 4151. In fact, all these
AGNs monitored by the AGN Watch consortium show
variations down to the temporal sampling limit.

The absence of a detectable lag (i.e., greater than 1-2
days) between the UV and optical continuum variations
places severe constraints on current models to explain the
origin of the UV-optical continuum emission. In particular,
for models with temperature gradients, where the radiation
at any wavelength arises predominantly from a specific dis-
tance to the central black hole (such as accretion disk
models), the lag of detectable UV/optical continuum lag
requires the signal connecting the different parts emitting at
different wavelengths propagates at speeds close to a signifi-
cant fraction of the speed of light (see, e.g., Courvoisier &
Clavel 1991). In such models, the distances of the different
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emitting regions, and the separation between them, scale
with the mass of the central object, which, in turn scale with
the luminosity of the AGN. On account of the F9 lumi-
nosity, higher by 21 order of magnitude than that of NGC
5548 and NGC 3783, the absence of any measurable time
delay between the UV and optical variations is more strik-
ing than in the two other sources that have been studied at
similar temporal resolution (Korista et al. 1995; Reichert et
al. 1994).

This campaign has also shown that variations of at least a
factor of 2 on timescales of 70-90 days are superimposed on
the long-term changes already known to occur in F9 (see,
e.g., Clavel, Wamsteker, & Glass 1989). Therefore, the emit-
ting region must be smaller than a few light months across,
although this is not very restrictive.

The delay in the Hf response to continuum fluctuations
gives an indication of the length scale of the inner Hf emit-
ting region in the BLR of F9. Following the discussion on
Paper IX, one can scale the NGC 5548 Hp time delay (i.e.,
20 days; Peterson et al. 1994) to the mean luminosity of F9
during this campaign (assuming the r oc L}/? dependence).
We obtain a value of 50 days, larger than the value of
23 + 3 measured here, but of the same order of magnitude.
For the previous AGN Watch campaigns on other Seyfert 1
galaxies, NGC 5548 [Peterson et al. 1994] and NGC 3783
[Stirpe et al. 1994]), the results indicate an Hf lag (20 + 2
and 8 + 3, respectively) twice as long as that of Ly« (11 and
4 + 2 days, respectively). Hence, the Hf/Lya-lag ratio in F9
is smaller but consistent within the errors with the above
results. This strongly suggests a photoionized BLR that is
stratified, i.e., its physical properties range with the distance
to the central source, the highest ionization lines arising in
the regions which are closest to the central source.

The consistency of the Hf/Lya-lag ratio in F9, NGC
5548 and NGC 3783, does not help to solve the C v 11549
problem pointed out in Paper IX. In fact, is still puzzling
that in F9, the results of Paper IX show that the C 1v 11549
response time is different from that of Lya, while in the
other well-studied AGN:Ss, their response times are similar.

One can also briefly compare the scale length of the BLR
in the radio-quiet objects already studied by the AGN
Watch consortium to test whether there is a luminosity-size
relationship. The inferred HB-BLR length scales are 23 + 3
days (F9, present campaign), 20 + 2 days (NGC 5548,
during the first 3 yr of the AGN Watch monitoring;
Peterson et al. 1994), 10 + 2 days (NGC 5548, during the
HST-IUE campaign in 1993; Korista et al. 1995) and 8 + 3
days (NGC 3783; Stirpe et al. 1994). Assuming H, = 75 km

! Mpc_ !, the correspondlng mean UV luminosities at
~1450 A are as follows: 3.6 x 10! ergs s°! A1
5.6 x 1040 ergs s ! A 1,44 x 10*° ergs s ' A1, and
1.9 x 104° ergs s™! A~ 1, respectively. The AGN Watch
campaign on NGC 4151 has been successful only in setting
limits to the Hf lag to continuum variations, in between 0
and 3 days, while no lags have been determined for the C 1v
21549 line emission. The mean UV luminosity of the AGN
in NGC 4151 during this campaign was 8 x 10°° ergs s !
A~ There is a clear trend for the lags to be longer as the
1um1nos1ty increases, but whether this relationship follows
the naive L oc r'/2 law should be subject of a more critical
discussion is out of the scope of this paper. A discussion like
this should at least take into account the uncertainties in
the quoted luminosities and all the systematic errors in the
line/continuum lags not considered here.
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More striking is the dramatic difference between the lags
obtained by Clavel et al. (1989) and Lub & de Ruiter (1992)
for the previous F9 monitoring campaigns, during a factor—
of 30 decrease in UV luminosity in 6 yr. The Hf lag mea-
sured by Lub & de Ruiter was 270 + 150 days. This is not
the first time that discrepancies in emission-line lags for a
single AGN are found. Evidence for a changing lag has been
shown by Peterson et al. (1994) in NGC 5548. Kaspi et al.
(1996), and the authors they cite, show that in NGC 4151
the Hp lag changed from 9 + 2 when its mean 1450 A lumi-
nosity was ~1.1 x 10%° ergs s~ A~* to 0-3 days, when its
luminosity was about 8 times higher. They discuss the pos-
sibilities that the discrepancy may be related to a different
variability timescale of the ionizing continuum, or to a real
change in the BLR gas distribution in the interval between
the two campaigns. However, according to Kaspi et al., in
NGC 4151 the time delay and luminosity seem to be
inversely correlated, which is the opposite to what has been
found in F9 and NGC 5548, where the Hf time delays are
shorter when the AGN luminosity is lower. Therefore, the
explanations could be different in the three cases. Possible
explanations and interpretations for the F9 case are dis-
cussed in Paper IX to where the reader is referred. We only
summarize here the likely possibilities discussed: (1) the two
monitoring programs sampled completely different scales in
a very extended BLR; (2) as a consequence of the significant
change in mean luminosity, there has been a change in the
optical depth in BLR clouds; and (3) there has been a sig-
nificant rearrangement of the BLR gas between the two
experiments.

The two-component structure of the variable Hf profile
is similar to what has been reported for UV line decomposi-
tion by Recondo-Gonzilez et al. (1997), though the
response of HfS to continuum variations seems to differ.
While these authors find that for the long-term, large-
amplitude continuum variations, the blue component
response is delayed relative to the red one, the two com-
ponents of Hf seem to vary in phase, which rules out radial
motions as the main cause of the observed Hp profile varia-
tions in 1994. However, the HB behavior was different
during previous campaigns in 1991-1992 and in 1981-1984,
when only one component (the blue and the red,
respectively) showed up significant variations (Winge et al.
1996; Wamsteker et al. 1985).
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