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Abstract. We present results of a five month spectroscopic mon-
itoring campaign of the Seyfert-1 galaxy NGC 3516. Using a
new calibration method and applying a correction for seeing
differences during the various observations we can scale the
spectra to each other with a much higher accuracy than hitherto
achieved. NGC 3516 shows large amplitude variations on a time
scale of several weeks. Asymmetric profile variations occur on
the same time scale as the continuum variations. We show the
presence of a varying dip on the blue wing of the HZ profile,
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which is not present on the Ho profile, and which corresponds
to the absorption features previously seen in the UV emission
lines of NGC 3516. From cross-correlation analysis we find a
time lag of 14 + 2 days for the Ho and 7 4 3 days for the HG
emission-line response to continuum variations.

Key words: data analysis — galaxies: NGC 3516 — galaxies:
Seyfert — lines: profile — spectroscopy

1. Introduction

NGC 3516 was the first Seyfert-1 galaxy shown to vary in its
broad-line flux (Andrillat & Souffrin 1968). Since then many
Seyfert-1 galaxies have been reported to be variable and vari-
ability seems to be a common property of many active galactic
nuclei (AGN).
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In the standard model the broad-line region (BLR) is made
up of a large number of small clouds at a certain range of
distances from the central continuum source. The clouds are
photoionized by the bright continuum source and respond to
changes in the ionizing flux. The clouds’ response (the broad-
line emission) equals the variations in ionizing flux convolved
with some unknown transfer function, which depends on the dis-
tribution and the kinematics of the clouds as well as the physical
conditions in the clouds. By monitoring both ionizing flux and
line emission variations we can in principle recover the transfer
function of the BLR by reverberation mapping (Blandford &
McKee 1982; Pérez et al. 1991; Welsh & Horne 1991) and put
constraints on the physical models of the BLR.

Several Seyfert-1 galaxies have been subject to such mon-
itoring projects (Clavel et al. 1990; Maoz et al. 1991; Peterson
et al. 1991; Peterson et al. 1993) but generally the resolution
of these data is too low to allow the recovery of the full two-
dimensional transfer function. Stirpe et al. (1988) showed that
high resolution spectra are necessary to calibrate a series of
spectra accurately by using the constant narrow emission lines
as internal calibrators. This prompted a monitoring campaign
with the aim of obtaining high S/N spectra with a resolution
of ~ 3A in order to put stringent constraints on the transfer
function. NGC 3516 was selected on the basis of its variability
record and its brightness.

NGC 3516 is a type SBO galaxy with redshift z = 0.009, vi-
sual magnitude m, = 12.5 (but variable!) and its coordinates on
the sky are 2(2000.0) = 11706™47:3, 5(2000.0) = +72°34/12".

In Sect. 2 we briefly describe the observations that have
been carried out. In Sect. 3 we give a detailed account of the
data reduction, which is not trivial for this particular object. In
Sect. 4 we present some results and discuss these briefly. Section
5 summarizes the main points.

2. The observations

During the first five months of 1990, NGC 3516 was moni-
tored spectroscopically and photometrically as part of the LAG
(Lovers of Active Galaxies) collaboration (Jackson et al. 1992),
which was awarded the 5% international time on all telescopes
on La Palma between March 1989 and September 1990. For
the monitoring of the broad Ha: and Hf emission lines of
NGC 3516, the 2.5m Isaac Newton Telescope (INT) and the
4.2m William Herschel Telescope (WHT) were used. In total,
we obtained 22 Ha epochs and 21 HB epochs. On the WHT
we used a 500mm camera and an EEV CCD. On the INT we
used both the 235mm and the 500mm camera with a GEC CCD.
We observed NGC 3516 using a slit of width 1”5 at a position
angle of 25° centred on the object. A summary of the observing
schedule is given in Table 1a. Column 1 gives the Gregorian date
of the beginning of the observing night in 1990, column 2 the
telescope and column 3 the camera used, columns 4 and 6 the
Julian date —2440000 of the centre of the observation for Ha
and Hf respectively, and columns 5 and 7 the exposure times in
seconds. Especially during the first two months we got a very

good time coverage and obtained high S/N spectra every 4 or
5 days. Unfortunately, a bad-weather period in March through
May introduced large gaps in our time series.

For the photometric monitoring we used the 1.0m Jacobus
Kapteyn Telescope (JKT) with either a GEC CCD, which had a

Table 1a. The spectral observations on the INT and WHT

Ha HS
Date Tel. Cam. JD Exp JD Exp
(1990) (mm) -2440000 (s)  -2440000 (s)
2 Jan INT 235 7894.581 900 7894.588 2000
5 Jan INT 235 7897.608 900 - -
10Jan  INT 235 7902.577 900 7902.599 1800
19Jan  INT 500 7911.603 900 7911.626 2000
19Jan  WHT 500 7911.682 500 7911.661 1200
28Jan  INT 500 7920.514 900 7920.637 2000
31Jan  WHT 500 7923.613 400 7923.597 1200
5 Feb INT 500 7928.622 900 7928.643 2000
8 Feb INT 500 7931.560 900 7931.599 2000
11 Feb INT 500 7934.472 900 7934.495 2000
16 Feb ~WHT 500 7939.544 300 7939.562 700
21Feb INT 235 7944.585 900 7944.609 2000
6 Mar INT 235 7957482 900 7957.506 2000
24Mar WHT 500 7975.482 300 7975.614 700
31 Mar WHT 500 7982.583 500 7982.643 300
2 Apr WHT 500 7984.484 300 7984.489 500
13Apr INT 500 7995437 900 7995.460 2000
15 Apr INT 500 7997.416 900 7997.442 2000
2May  WHT 500 8014.420 300 8014.405 700
13May WHT 500 8025.436 300 8025413 700
20May INT 235 8032401 900 - -
24 May WHT 500 - - 8036.419 700
4 Jun INT 500 8047.385 900 8047.410 2000
Table 1b. The photometric observations on the JKT
Date JD star] star2 NGC seeing galaxy/
(1990)  -2440000 3516 (") starl
2 Jan 789450 5985 70.7 1266. 2.8 2.11
5 Jan 7897.50  373.0 - 758. 1.1 2.03
15Jan  7907.50 5350 612 1223. 22 2.29
18Jan 791050  434.0 519 1002. 22 231
24Jan 791650 4500 533 969. 2.6 2.15
31Jan 792350  447.0 517 997 1.6 2.23
5 Feb 792850  249.0 329 579. 1.7 2.33
8 Feb 793150 5140 63.0 1187. 14 2.31
11 Feb 793450 5200 61.5 1105. 1.6 2.12
16 Feb  7939.45 447.0 547 923. 1.7 2.06
16 Feb  7939.55 450.0 544 913. 1.9 2.03
21 Feb 794450 5240 63.5 1019. 25 1.94
13Mar 796450  488.0 57.8 883. 1.6 1.81
29 Apr  8011.50  479.0 574 1078. 1.9 2.25
18 May 8030.50 105.0 12.8  260. 1.5 2.47
27May 8039.50 4310 - 1150. 1.1 2.67
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fieldof 117" x 175", oraRCA CCD, which had a field of 132" x
212”. These observations were done using a Johnson-B filter.
On seven nights the JKT was used nearly simultaneously with
either the INT or the WHT. In total we obtained 16 useful epochs
on the JKT for NGC 3516. A summary of the JKT observations
is given in Table 1b, where column 1 gives the Gregorian date
of the beginning of the observing night in 1990 and column 2
gives the Julian date of the observation.

3. Data reduction
3.1. The standard reduction

The CCD frames from the photometry were bias and flat-field
corrected. No absolute photometry was possible. However, be-
side NGC 3516 the field also contains two comparison stars
which made differential photometry possible. We used a circu-
lar soft-ware aperture of 5" within which all flux as measured
from the CCD frame was added to yield the total flux of the
two comparison stars and the nucleus of NGC 3516. The seeing
during the observations, as derived from the two comparison
stars was always less than 2”8 FWHM and thus an aperture
of 5" is sufficient. A larger aperture would only include more
starlight from the bulge of NGC 3516 and dilute the variations
from the nuclear source. The flux ratio of the two comparison
stars is constant over the observations to within 3.3% r.m.s. The
JKT-derived light curve of NGC 3516 was deduced from divid-
ing the nuclear counts by the brightest-star counts. Background
and flat-field analysis of the CCD frames yields an error on the
light curve of 3%. These data are presented in Table 1b. Here,
columns 3, 4 and 5 give the counts of the two comparison stars
and the nucleus of NGC 3516, respectively, measured with a
5" aperture. Column 6 shows the FWHM of the seeing disc as
deduced from the two standard stars and column 7 gives the
nuclear flux of NGC 3516 relative to the brightest comparison
star, which we adopt as the B-band light curve.

The standard reduction of the spectrometric data was done
using the MIDAS package. The bias was subtracted from all
frames and the frames were flat-field corrected. Every object
frame had its accompanying CuNe or CuAr arc frame which was
used for the wavelength calibration. All object and standard-star
frames were cleaned manually from cosmic rays except in those
cases where these fell on any important features like emission
lines, extended narrow-line region (NLR) or nuclear continuum.
We subtracted the night-sky spectrum from all frames; care was
taken not to include any significant amount of galaxy light. We
rebinned the frames to a common linear wavelength scale from
4500A to 5500A for the HB and 62004 to 7200A for the Ha
spectra, with an increment of 1A per pixel. The standard stars
HD 84937 and BD +26°2606 were used for flux calibrating the
spectra with the flux tables presented by Oke & Gunn (1983).
Atmospheric B-band correction of the Ha spectra was done in
the following way. We interpolated the standard star spectrum at
the wavelengths of the atmospheric B-band.We then divided the
standard-star spectrum by the interpolated one to get a correction

spectrum which is everywhere unity except at the B-band. We
divided the Ha spectra by this correction spectrum taking into
account the difference in airmass during the observation of the
two spectra. The nuclear Ha and Hf spectra were then obtained
by summing all flux within a distance of 1" of the centre. In this
way our integrating aperture was 2" x 175,

3.2. The underlying galaxy

Due to the low contrast between the central continuum source
and the underlying stellar spectrum a significant amount of
starlight from the central regions of the bulge of the galaxy
is included in the nuclear spectra. Since we want to measure
the nonstellar continuum only, the amount of starlight must be
estimated and subtracted.

The Ha spectra show no strong stellar absorption features
but fortunately the HG spectra do show clear absorption lines
such as the Mgb lines which can easily be identified. This gives
us the possibility of subtracting a galaxy template spectrum such
that all stellar absorption features disappear and we are left with
a pure nonstellar-continuum spectrum. To construct a suitable
galaxy template spectrum, we added 6 INT 2D-spectra (2 Jan,
28 Jan, 11 Feb, 21 Feb, 6 Mar, 4 Jun) of good quality and we
added the off-nuclear columns — between 3" and 6" away from
the nucleus — to obtain a spectrum of the bulge of NGC 3516.
We made sure that the columns used were not contaminated
with scattered broad line emission. The resulting template has a
higher S/N but a slightly lower resolution than any of the indi-
vidual object frames. At the wavelengths of the narrow emission
lines we interpolated linearly under the extended narrow emis-
sion lines which still adorned our galaxy template spectrum.
The extracted galaxy template spectrum is shown in Fig. 1.

The stellar absorption features, especially the Mgb lines,
can clearly be identified. This galaxy spectrum appears bluer
than that observed in the nucleus of a normal galaxy of the
same type as NGC3516 (Bica 1988). From the low level of
contamination by diffuse light from the AGN, which is attested
by the lack of broad line emission, we are led to believe that
some recent star formation might have occurred in the bulge of
NGC 3516. Assuming that the stellar population of the bulge
is representative of the total stellar contribution to the nuclear
spectra, we can subtract the galaxy template spectrum from all
HJ3 spectra after scaling the former appropriately in order to
minimize the absorption-line residuals. For this procedure we
used a computer algorithm based on a x*—test of which a short
description is given in Sect. 3.3. The stellar contribution to the
total extracted continuum is generally found to be around 50%
but is as high as 74% in one case (15 April) and 72% in an-
other (6 March). On these dates, the nonthermal continuum was
in a very low state. The combination of varying seeing condi-
tions from epoch to epoch and a varying nonthermal continuum
makes it very difficult to subtract the stellar component from
the total continuum other than by fitting a template to galactic
absorption lines. An example of this fitting is given in Fig. 2
where a spectrum before and after galaxy subtraction is shown.
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3.3. Relative scaling of the spectra

We have now obtained two series of nuclear spectra: one H3
series with the underlying galaxy spectrum eliminated and an
Ha series still including the underlying galaxy spectrum. We
now make the usual assumption that the narrow forbidden lines
are constant over the time scale of interest (5 months) and use
the [O111] and [S11] lines as internal flux calibrators to scale
the spectra to each other. We will briefly describe the computer
algorithm used, of which a full account and a detailed analysis
can be found elsewhere (van Groningen & Wanders 1992). The
scaling procedure has been automated to do this as objectively
as possible. We did not fit the narrow-line fluxes as is commonly
done because of the problem of estimating the local continuum
level, which is the main cause of uncertainty in this scaling

5200

procedure (Baribaud & Alloin 1990). Instead we used difference
spectra so that the method is insensitive to the continuum.
There are three free parameters in the scaling problem: flux
scaling factor, wavelength shift (two spectra are never perfectly
aligned) and resolution (different instruments used from one
spectrum to the other plus seeing effects). The computer algo-
rithm works as follows. One, high S/N spectrum with mediocre
resolution is taken as a reference spectrum (in this case 4 June)
and all other spectra are scaled to this one. The three free pa-
rameters form the sides of a datacube. For each voxel (volume
element) its defining parameter values are used to create a differ-
ence spectrum of the spectrum we are scaling and the reference
spectrum. We then fit the wavelength region in which the narrow
lines lie with a second order polynomial and the x? of this fit
is calculated. Any narrow-line residuals will influence this x?
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in the sense that x? increases when the residuals increase. We
define the parameter values belonging to the voxel with min-
imum x? as the best fit. From some initial voxel we find the
minimum—y2-voxel by using a grid search method (see e.g.
Bevington 1969) while calculating the x? for every voxel we
pass. We thus avoid calculating a large data cube and the grid
can be adjusted easily to allow an accurate solution. This is done
in an automatic and thus objective way.

It must be emphasized that by fitting the wavelength region
around the narrow lines in the difference spectra with a second
order polynomial we are insensitive to any continuum variations
or even small slope variations in the background as can be the
case when the narrow lines lie in the far wing of varying broad
lines. Our scaling method is better than a few percent and can
be as good as 1 to 2% in the case of our highest S/N spectra and
when the broad lines of the two spectra had approximately the
same flux. Several tests show that this method is more accurate
than scaling methods based on measuring the narrow-line fluxes
(van Groningen & Wanders 1992).

To scale the H3 spectra we used the (observed) wavelength
region 4980 — 5080A around the [O111] lines and for the Ho
spectra the region 6740 — 6820A around the [S11] lines. We
decided to use the [S11] lines instead of the stronger [N 11] lines
because the [N 11] lines fall on the central part of the broad Ho
profile and this region is highly variable. The background in
the difference spectra around the [N11] lines cannot be fitted
by a simple second order polynomial and higher order fitting
functions than a first or second order polynomial (to cope with
slight curvature in the background) are not desirable.

Figures 3 and 4 present all the scaled Ha and Hf spectra.
Each spectrum has been given an offset for display purposes.

This same scaling procedure was used to subtract the
underlying-galaxy template spectrum from the HS spectra as
discussed in Sect. 3.2. Here, the wavelength region from 5180 —
5330A was used where several absorption features are visible,
including the Mgb lines. The resolution of the galaxy spec-
trum was not changed since the galaxy-template spectrum had
a worse resolution than any individual spectrum.

3.4. The effect of the seeing on the spectra; narrow-line
removal

The NLR of NGC 3516 (Pogge 1989; Miyaji et al. 1992) ex-
tends over more than 20" and is clearly resolved in our spectra.
The position angle of the slit was kept fixed during the observing
campaign and was along the two NLR blobs (position angle 25°,
see Pogge (1989) for details in the structure of this NLR). The
spatial [O 111] profile is shown in Fig. 5. Only the central 2 are
included in the nuclear spectra. A difficulty in scaling spectra to
each other in objects like NGC 3516 which possess a resolved
NLR, is the effect seeing has. The amount of narrow-line flux
entering the aperture will depend on seeing; under bad seeing
conditions the amount of narrow-line flux relative to the unre-
solved continuum and broad-line flux will be larger than under
good seeing conditions. We thus have to correct the final fluxes
for the differences in seeing during the observations. To find

Relative Flux

1 1 | 1 ! 1 L | 1 ! I ! 1 1 1

Distance (arcsec)

Fig. 5. The spatial [O 111] profile

these correction factors we simulated the effect of seeing using
a narrow-band [O 111] image of NGC 3516 taken with the 3.6m
Canada-France-Hawaii Telescope at Mauna Kea on Hawaii with
a seeing of 0”7. The [O111] image was convolved with Gaus-
sian profiles with various widths to simulate observations under
different seeing conditions. The total narrow-line flux entering
the aperture was then calculated, as well as the total flux from a
point source, a star in the same field as NGC 3516, entering the
aperture. The ratio of these two is a measure of how much more
point-source (broad-line and continuum) flux than narrow-line
flux we lose from the aperture when the seeing degrades. The
correction factor ¢* can then be defined as

Fso07(R, s)

#"(R, 9)o(R) = =

Here, R is the aperture geometry, s a measure of the seeing,
Fs5007(R, s) the total narrow-line flux entering the aperture and
T'(R, s) the total point-source flux entering the aperture. ¢o(R)
is a normalizing factor such that ¢* = 1 for the best seeing
available; 0”7 in our case. Using this definition we can just
multiply all spectra by the appropriate ¢*. This procedure is
described in detail in Wanders et al. (1992).

From the 2D spectra we extracted a seeing profile by sub-
tracting the spatial continuum profile from the spatial broad-line
profile (a spatial cut through the wings of the broad H3 and Ha
lines, carefully avoiding the spatially extended narrow lines).
The result is a spatial point-source profile. It turned out to be
very nearly Gaussian; its FWHM was thus identified with the
FWHM of the seeing disc.

Table 2 presents the seeing values and the correction factor
¢* (taken from Wanders et al. 1992) to be applied to the spectra.
We see that the seeing affects the narrow-line strengths by up to
12% for the bulk of the data. The error on the correction factor
is about 3%.

After multiplying the spectra with the seeing correction fac-
tor, the narrow lines will not vanish in difference spectra. We
therefore have to decompose the spectra and subtract the narrow
lines. Since, before applying the seeing correction, all spectra
were scaled using the assumption that the narrow-line flux is
constant over the time interval of interest, we subtracted from

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993A%26A...269...39W

FT993ACA - ~7697 ~.73OW

Table 2. Seeing values and correction factors for the spectra

I. Wanders et al.: Spectroscopic monitoring of active galactic nuclei. II 45

Hp Ha
D seeing(’) #* ID seeing(”)  ¢*
7894.59 2.1 1.11 7894.58 2.2 L.11
7897.61 2.1 1.11
7902.60 3.4 1.20 7902.58 3.0 1.18
7911.63 25 1.14  7911.60 2.3 1.12
7911.66 2.3 1.12 7911.68 22 1.11
7920.64 1.3 1.04 7920.51 1.6 1.06
7923.60 1.6 1.06 792361 1.5 1.06
7928.64 2.2 1.11  7928.62 1.6 1.06
7931.60 1.1 1.01 793156 14 1.04
7934.50 1.5 1.05 793447 14 1.04
7939.56 1.3 1.04 793954 14 1.04
794461 1.1 1.01 794459 19 1.08
7957.51 1.2 1.04 795748 2.6 1.15
7975.61 2.0 1.10 797548 2.0 1.10
7982.64 1.5 1.05 798258 1.5 1.05
798449 1.5 1.05 798448 14 1.04
7995.46 1.5 1.05 799544 1.6 1.06
7997.44 4.6 1.31 799742 2.6 1.15
801440 1.2 1.04 801442 1.3 1.04
802541 1.5 1.05 802544 14 1.04
8036.42 1.7 1.07 803240 1.5 1.05
8047.41 0.9 1.00 8047.38 0.9 1.00

all spectra the same narrow-line template at fixed wavelengths
with fixed strengths. Recall that our x? scaling program shifts
and convolves the spectra as well, so that the narrow lines in
all spectra, before the seeing correction, have indeed the same
strength, the same wavelength and the same resolution.

To find a narrow-line template we made a mean [O 11I]A\5007
line by averaging the highest S/N Hf spectra. This line tem-
plate was then subtracted from all H3 spectra at 4905.5A with
a relative strength of H3/[O 111]A5007 = 0.07, at 5004.3A with
a relative strength of [O 111]A4959/[0 111]A\5007 = 0.317 and at
5052.8A with a strength of unity.

The Ha spectra have been corrected for seeing and nar-
row lines in the same way as the H3 spectra, using the same
[O 111]A5007-line template. It must be emphasized that the Ho
spectra were scaled using the [S11] lines whereas the applied
seeing correction factor ¢* was deduced from an [O 111] image.
This procedure is only corrrect if the [S 11] and [O 111] lines have
the same spatial distribution. Because we lack an [S I1] image
of NGC 3516 we must assume the [S I1] spatial distribution is
close to that of [O111] and use the [O 111]-derived ¢* to correct
the Ha spectra for seeing effects. We realize a slight error might
be introduced here.

3.5. Error propagation

The final error on the flux is calculated as the r.m.s. of the error
deduced from our previous data-reduction steps and the error of
the seeing correction factor ¢*.

Time-series analysis requires knowledge or good estimates
of the one-sigma errors on the derived fluxes. Therefore it is
important to estimate the flux error for every bin in the raw
spectra and let the errors propagate through the data-reduction
process, e.g. when shifting, convolving, etc. the spectra. In doing
so we assumed the error in one wavelength bin to be independent
of the error in neighbouring bins. This, however, is not strictly
true, especially in the case of convolving or shifting spectra. The
final spectra thus also include a one-sigma flux error for every
wavelength bin.

4. Results and discussion

4.1. The light curves

The emission-line light curves The main problem in obtaining
line-flux light curves is the measurement of the continuum level
in the spectra. No true continuum points can be defined with
any certainty. Nevertheless, a rough estimate is made by fitting
a power law through three (narrow) wavelength regions in the
Hp3 spectra where the flux is lowest: 4780 — 48004, 5130 —
5150A and 5300 — 5320A. The power-law fit is then subtracted
from the spectra and all flux in the wavelength region 4824 —
49874 is added to obtain the total broad H3 emission-line flux.
This wavelength interval corresponds to a velocity interval of
—5000 to +5000 km s ™" with respect to the peak of the narrow
Hg line. As described in Sect. 3.4 the narrow lines have been
subtracted. The errors on the line-flux measurements are mainly
the result of the systematic error on the continuum-flux level and
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Fig. 6. The continuum and emission-line light curves
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the error on the seeing correction factor. For the total Ho line
flux all flux was added in the same velocity interval as for the H3
flux, i.e. —5000 to +5000 km s~ ' with respect to the peak of the
narrow Ho line. This corresponds to a wavelength region 6512
—6732A. Again, a continuum power-law fit was subtracted and
all narrow lines were removed.

The resulting Ha and Hf emission-line light curves are pre-
sented in Fig. 6. These light curves look very similar. Note the
almost perfect agreement of the data points of the two nearly si-
multaneous observations at 19th January (JD 7911.6) of which
the difference spectra are given in Fig. 7. One of the observations
was done with the INT and the other with the WHT with differ-
ent instruments. This shows the accuracy of the data reduction.
(The narrow-line residuals that are visible were reintroduced
after the relative scaling of the spectra by applying the seeing

1.56x10 ¢ T T T T T T T T

correction and by the narrow-line removal procedure. They do
not indicate bad scaling.)

Several points in the light curves deserve some extra atten-
tion (ref. Table 3). While observing in the red on the 16 February
(JD 7939.5) the observer noted that the “object drifted”. There-
fore, the aperture will not have been centred on the object and
this means we have too little broad-line flux in comparison with
the narrow-line flux in our aperture. This is due to the extended
nature of the narrow lines (Wanders et al. 1992). This explains
the low broad Ho flux measured on 16 February and possibly
also on 31 January (JD 7923.6). On 15 April (JD 7997.4) the
seeing was extremely bad and unstable. These observations are
not reliable in the flux calibration and should not be consid-
ered for further analysis. The H3 observation of 24 March (JD
7975.5) is strange in the sense that it shows an excess broad-

10

5000

relative flux

Fig. 7. Difference spectra of Hoo and HG
of the nearly simultaneous observations
at 19 January. The two observations give
to within the error in the continuum flux
level exactly the same result. The INT
spectra are shown in a solid line, the
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Table 3. The continuum, HG and Ha light-curve data

JKT Photometry blue spectrometry red spectrometry
Continuum Continuum HS Continuum Ha
D Flux o D Flux o Flux o Wy(A) ID Flux ¢ Flux o Wiy
789450 684 2.1 789459 748 43 962 3.0 129+ 8 789458 720 34 772 23 1734+ 8
789750 596 1.8 7897.61 790 36 8.8 26 >181+ 8
7907.50 882 2.6 7902.60 714 63 1029 3.3 144+14 790258 857 3.9 841 25 >165+ 8
7910.50 904 2.7 791163 923 43 1165 35 126+ 7 7911.60 884 43 890.8 2.7 >172+ 8
791650 728 22 7911.66 834 29 1172 35 141+ 6 791168 766 32 897 27 >192+ 8
7920.64 105.8 4.4 1286 39 122+ 6 792051 866 3.7 1135 34 >221+10
792350  81.6 24 7923.60 910 3.1 121.0 3.6 1334+ 6 7923.60 952 29 >221+10
792850 926 2.8 792864 732 43 1234 38 169+ 11 792862 79.1 3.6 109.1 33 228+ 10
7931.50 904 27 7931.60 92.8 3.0 1208 3.6 130+ 6 7931.56 727 33 1053 32 >234+11
793450 695 2.1 793450 754 32 1140 34 151+ 8 793447 803 3.6 1142 34 236+ 11
7939.45 629 1.9 7939.56 580 23 1047 32 1814+ 9 793954 8l1.1 24 >222+10
793955 596 1.8
794450 497 15 794461 499 1.7 1016 3.1 203+ 9 794461 72.1 3.0 1048 3.1 >234+10
795751 326 2.7 899 27 276425 795748 580 25 74.1 22 >194+ 8
797548 544 19 1168 35 2154+10 797548 65.8 2.8 80.0 24 >191+ 8
7982.64 86.5 33 921 28 107+ 5 798258 613 3.1 849 2.6 >213+10
798449  70.6 2.6 872 26 1244+ 6 7984.48 520 2.8 844 2.5 >238+411
799546  80.6 32 965 29 1204+ 6 799544 743 32 926 2.8 >203+ 9
799742 352 3.0 947 29 269424 7997.44 76.0 23 >174+ 8
8011.50 83.8 25 801440 898 3.1 1064 32 1194+ 5 801442 627 33 89.2 2.7 >221 411
8025.41 427 99 1035 3.6 243457 802544 558 7.0 850 2.7 >228 421
8030.50 108.0 3.2 803642 118.7 42 1175 36 99+ 5 803240 788 3.6 962 2.8 >201+ 9
8039.50 130.0 3.9 804741 1314 46 1166 35 89+ 4 804738 835 3.6 1034 3.1 >207+ 9

Hf flux which we cannot explain. Seeing and miscentring the
aperture will reduce the ratio of broad-line to narrow-line flux
and not vice versa. For any further analysis for which the flux
calibration is important we ignore all observations of 15 April,
the HQ3 observation of 24 March and the Ho observations of 31
January and 16 February.

The continuum light curves We have three independent light
curves that represent three different parts of the continuum spec-
trum of NGC 3516: The JKT B-band light curve (LCV k) and
the light curves of the continua around H3 and He as derived
from the spectra (LCVyye and LCV g respectively).

LCVir also includes the emission lines H§ and Hy.
He 1104686 is weak in NGC 3516 and falls at the edge of the
Johnson-B filter where the transmission is low. From an old
spectrum of NGC 3516 (Pérez, private communication) we find
that the relative equivalent widths of H6/HS and Hy/HS are
~ 0.13 and ~ 0.25 respectively. In a bright state the equivalent
width of Hf is found to be ~ 200A and thus the equivalent
widths of H6 and Hy are ~ 34A and ~ 64A respectively. Thus,
together these lines contribute to ~ 1/11 of the total flux mea-
sured through the Johnson-B filter (which has an effective width
of ~ 900A) and the error on the continuum-flux measurement,
due to emission lines, must be less than ~ 9%. If we then take
into account that ~ 70% of the H3 and Ho emission-line flux

is constant over the time spanned by our monitoring campaign
and this, most likely, also will be the case for Hy and Hé, we
reduce the error on the variability of the continuum that is due
to variable emission lines, to less than ~ 2.7%. The stellar con-
tribution to the LCV gt can be assumed constant as the FWHM
of the seeing disc was always well below the aperture size.

Both the LCVy,,. and LCV,.q have been defined as the cor-
responding flux of the power-law fit at the wavelengths of the
narrow Hf and Ha lines, i.e. at 4905A and 6622A respectively.
Recall that the stellar contribution to LCVy,,. has been sub-
tracted whereas the stellar contribution to LCV 4 is ~ 40%, as
deduced from an old spectrum of NGC 3516, and variable with
seeing.

Intercalibration of the continuum light curves The spectral and
photometric continuum-source light curves are assumed to form
homogeneous data sets. We can thus scale them to each other
using a least-squares fit of the simultaneously observed data
points in the light curves. The blue and JKT light curves are
very similar which strengthens our conclusion that the method
of subtracting the underlying galaxy spectrum can be done ac-
curately. Since the blue-continuum light curve does not contain
any galactic star light, fitting the JKT light curve to the same
scale means we automatically get rid of the constant contribu-
tion of the underlying galaxy in the photometry data.
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The red-continuum light curve can also be scaled to the blue
one in the same way as the JKT light curve. Again, we get rid
of the constant part of the underlying galaxy. However, the red
curve also contains a variable part from the underlying galaxy,
due to seeing effects, which can not be scaled away. A consis-
tency check can be made, though. After scaling the red curve
to the blue one we can check the residuals of the blue and red
curves and see if they correlate with seeing as would be ex-
pected. The blue curve comes from a point source only whereas
the red curve comes from a point source plus an extended source
(the galaxy). Under worse seeing conditions we therefore ex-
pect there to be more red flux relative to blue flux than under
better seeing conditions. Doing this test shows that the residuals
indeed correlate with seeing in the expected manner. Because
of the seeing-dependent underlying-galaxy component we will
not use the red continuum light curve in further analysis but

1.5x10*

merely note its consistency with the blue and JKT-continuum
light curves.

All resulting light-curve data are summarized in Table 3; the
flux is in arbitrary units. The quoted o is the one-sigma error on
the flux, deduced from the S/N of the spectra, the error on the
scaling procedures, the error on the seeing correction factor, and
the error on the determination of the continuum level. The equiv-
alent width W), is given in Angstrém. For He, only a lower limit
on the equivalent width can be given because the continuum is
contaminated by a stellar contribution. The combined JKT and
blue continuum light curves and the emission-line light curves
are plotted in Fig. 6.

Note that the Ha data were reduced completely indepen-
dently from the JKT and blue-continuum data, as well as the
HQ line-flux data, and therefore no correlated reduction errors
between these can exist.
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Fig. 8. Difference spectraof Ho and Hj3
of 4 June (solid line) and 28 January
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4.2. Difference spectra

Subtracting two spectra from each other is one of the best ways
of evidencing broad-line variations. Since all narrow emission
lines are subtracted from the nuclear spectra these do not show
up in the difference spectra and we are left with only broad-
line variations. From our difference spectra we find that any
significant asymmetric profile variations do not occur on short
time scales. However, on time scales of several weeks large
variations occur. Two examples are given in Figs. 8 and 9 where
the difference spectra are shown for 4 June and 28 January and
4 June and 31 March respectively. Not only these examples, but
all difference spectra show that the Ho and H/3 profile variations
resemble each other closely.

1.5x10 ¢ T T T T T T T

49

4.3. Spectral features

A prominent feature, best described as a dip, emerges on the
blue wing of Hf during the campaign. It is first visible in the
21 February spectrum and best visible in the 13 April spec-
trum. It can be seen that it does not vary in (“absorbed”) flux
simultaneously with the continuum or line flux. The dip is about
1290 km s~ blueward of the narrow H3 emission-line peak and
is at the same blueward velocity shift as the absorption features
in the UV lines in this object (Ulrich 1988; Voit et al. 1987;
Walter et al. 1990). All our spectra showing this absorption fea-
ture (i.e from 21 February to 4 June) were added and this mean
spectrum is shown in Fig. 10 together with a C 1v emission-line
profile as observed by IUE in 1982, i.e. eight years earlier than
the HG observation. Clearly in both lines this dip is visible at
the same velocity shift.
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T If a dip in the Ha profile were present at the same velocity
|1 astheoneinthe HG and UV spectra it would be more difficult to
observe since the narrow [N 11]\6548 emission line falls at the
same wavelength. In Hf, the dip is present in all spectra after
21 February. We therefore made two mean H/3 spectra, one with
all spectra from before 21 February and one with all from after
21 February. We did the same for Ho.. To test whether the dip
is also present in the Ha line, we made difference spectra of
these mean spectra. Since the Ha variations generally resemble
the HE variations, the hypothesis is that if this Ha difference
spectrum closely resembles its HG equivalent, the dip is present
in both lines. These two difference spectra are shown in Fig.
11 and it is immediately clear that these look similar except
for the absorption-like feature on the wing of H3. We therefore

- : ——— —
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absorption but a trough between two emission peaks, the fact
that it is not seen in the Ha profile implies that the ionizing
conditions in the part of the BLR responsible for the material at
the position of the dip are radically different from elsewhere in
the BLR.

The peaks of both the broad Ha and H/3 line are blue shifted
with respect to the peak of the narrow line; the broad Ha line
by ~ 200 & 100 km s~ " and the broad HS line by ~ 400 +
100 km s~ .

The small absorption feature at ~ 6550A in the far blue
wing of Ha is probably a blend of CaiA6493.8 and Fe1\6495.0
in the underlying galaxy spectrum and has nothing to do with
the BLR.

4.4. Cross-correlation analysis

An estimate of the size of the BLR is generally inferred from
the cross-correlation function (CCF) of the emission-line light
curve with the continuum light curve. The position of the peak
in the CCF is associated with the inner boundary of the BLR,
and the position of its centroid with the luminosity-weighted
radius of the BLR (Koratkar & Gaskell 1991). An upper limit to
the size of the BLR can be obtained from the width of the auto-
correlation function (ACF) of the emission-line light curves.

We used the cross-correlation method developed by Gaskell
& Sparke (1986) and Gaskell & Peterson (1987) and found for
NGC 3516 that the overall size of the BLR, as inferred from the
ACEF, is less than ~ 26 light days for Ha and less than ~ 28
light days for H3. From the line versus continuum CCFs we
estimate the inner radius of the BLR to be 14 £ 3 light days
for Ho and 7 £ 3 light days for Hi3. The centroids of the CCFs
yield luminosity-weighted radii of 14 light days for Ha and
11 light days for HG. Note that the true radii may be slightly
under-estimated by this analysis, as shown by Pérez et al. (1992).
The CCFs and ACFs are presented in Fig. 12 together with the
ACEF of the continuum source. Because the line ACFs are much
wider than the continuum ACEF, the line ACFs and CCFs are not
dominated by undersampling effects. Our inferred size of the
BLR in NGC 3516 is a factor two smaller than the size found
by Cherepashchuck & Lyutyi (1973).

5. Summary

We have shown that the Seyfert-1 galaxy NGC 3516 shows large
flux variations on a time scale of several weeks. Asymmetric
profile variations occur on the same time scale. We have shown

lag (days)

the presence of a varying dip in the HS emission-line profile
which is similar to the absorption features seen in the UV emis-
sion lines of NGC 3516. The dip is not present in the Ho emis-
sion line which imposes strong limits on the physical nature of
the material responsible for this feature. We derived a size of
the BLR of 14 + 2 days.
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Appendix A: NGC 3516 Fughetta

Once upon a time during a conference an idea arose of trans-
forming light curves into sound curves. Active Galactic Nuclei
are particularly attractive because the line light curves follow
the continuum light curve with a delay, introducing an echo. We
decided to try the experiment with the derived light curves of
NGC 3516 before seeing correction, i.e. as they are observed.

We filled in the gaps of the light curves by using a maximum
entropy method in order to obtain light curves which are defined
for every day. We rebinned the intensity scale of the three light
curves (continuum, H3Z and He) into a linear scale of 24 bins. We
identified each of these bins with a musical note, the minimum
with the low C and so upward. This fills exactly two octaves on
an atonic scale. Each day in the light curves was identified with
a quaver. We defined 160 days in each of the light curves so this
made 40 bars.

We let the driving continuum light curve be played by a
cello, the Hf light curve by a violin and the Hex light curve by a
piano. It should be played four times: the first time only by the
cello, the second time by the cello and violin and the third and
fourth time by the cello, violin and piano.

Special thanks to Nils Bergvall who helped editing and op-
erating the synthesiser.
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