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ABSTRACT

We present measurements of the Balmer continuum/Fe 11 emission blend (the “small blue bump ”) between
2160 and 4130 A in the Seyfert galaxy NGC 5548. The measurements are from spectra obtained as part of the
combined space-based and ground-based monitoring program of this object in 1988-1989. An iterative scheme
is used to determine and subtract the continuum emission underlying the emission blend so as to obtain a
light curve sampled once every 4 days. The small blue bump is an important component of the emission-line
cooling, constituting about one third of the line flux in this object. Its flux varies with an amplitude of approx-
imately +20% about the mean, similar to the amplitude of the Balmer line variations during the same period.
Its light curve resembles that of Lya, with a lag of ~10 days behind the continuum variations. The bump
variation amplitude is independent of the wavelength interval where it is measured, which indicates that both
the Balmer continuum and Fe 11 emission have comparable variation amplitudes. These results suggest that
the Fe 1 UV multiplets and the Balmer continuum are emitted in the same parts of the broad-line region as

most other broad emission lines in this object.

Subject headings: galaxies: individual (NGC 5548) — galaxies: Seyfert — techniques: spectroscopic —

ultraviolet: galaxies

1. INTRODUCTION

One of the characteristic features of active galactic nuclei
(AGN:is) is their broad emission lines. In recent years, these
lines have been shown to vary in response to changes in the
photoionizing continuum radiation driving them. This has
emerged as a powerful tool for mapping the interior regions of
these objects (Bahcall, Kozlovski, & Salpeter 1972; Blandford
& McKee 1982; Maoz et al. 1991; Krolik et al. 1991; Horne,
Welsh, & Peterson 1991). In particular, one exceptional data
set has been obtained for the Seyfert galaxy NGC 5548. For 8
months in 1988-1989 it was monitored spectroscopically in the
UV (1150-3200 A) with the IUE satellite once every 4 days
(Clavel et al. 1991). At the same time, a large network of
ground-based observers monitored this object at optical wave-
lengths on an almost daily basis (Peterson et al. 1991). The
source underwent substantial variations during the monitoring
period, and the resulting data provide a unique opportunity to
study the temporal behavior of all the strong emission lines
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from 1100 to 7000 A. Clavel et al. (1991) measured light curves
for the UV continuum and for all of the strong UV lines, and
Peterson et al. (1991) measured the optical continuum and Hp
light curves. Recently Dietrich et al. (1993) measured addi-
tional line fluxes, for Hy, He 1 15876, Ha, and Fe 1 and He 11
24686 blends, from the optical data base described by Peterson
etal. (1991).

In this paper we supplement the above data with measure-
ments of the blend of Fe 1 and Balmer continuum emission in
the spectral region of ~2160-4130 A. This emission feature,
sometimes called the “small blue bump” (Wills, Netzer, &
Wills 1985, hereafter WNW), constitutes a substantial fraction
of the total emission-line flux and is important for any com-
prehensive analysis and modeling of NGC 5548. The measure-
ment is, however, difficult for several reasons, as discussed in
detail by WNW: (1) The small blue bump is a blend of thou-
sands of highly broadened lines, which span a large wavelength
range; (2) the AGN continuum emission underlying the bump
can be defined only near the edges of this large spectral range,
and its shape needs to be assumed; (3) the IUE data are noisy
at several of the wavelengths of interest, in particular at the
edges of the spectral ranges covered by each of the satellite’s
cameras; (4) the long-wavelength part of the bump is near the
atmospheric cutoff at 3200 where accurate ground-based spec-
trophotometry is difficult; (5) only a fraction of the ground-
based spectra from the monitoring campaign extend to short
(~3200 A) wavelengths. These difficulties make measurements
of the small blue bump less straightforward than those of the
other emission lines, and thus special treatment is required.
Measurements of the small blue bump in NGC 5548 during the
years 1978-1986 can be found in Wamsteker et al. (1990).

In § 2 we describe the iterative method by which we arrive at
a light curve for the small blue bump. In § 3 we briefly analyze
the temporal characteristics of the small blue bump flux and
summarize our main results. A separate paper will incorporate
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and analyze the results for all the observed emission lines in
NGC 5548.

2. MEASUREMENTS

In this investigation we used the GEX-extracted (Reichert et
al. 1991) IUE spectra described in Clavel et al. (1991). The data
were transformed to a linear wavelength scale, and the spectra
from the short- and long-wavelength IUE cameras (SWP from
1150 to 1980 A and LWP from 2000 to 3200 A) were combined.
Small wavelength corrections were made as necessary so as to
place the strong emission lines at their expected wavelengths.
Three epochs were not included in the analysis: No LWP
spectrum is available for JD 2,447,609; no SWP spectrum
is available for JD 2,447,563; and the spectra obtained on
JD 2,447,565 are vignetted (Clavel et al. 1991).

The spectra from the ground-based campaign described by
Peterson et al. (1991) are more difficult to deal with because of
the inhomogeneity of the data base. Absolute calibration of
these data is achieved by making the well-justified assumption
that the [O m] 45007 flux does not vary over the time scale of
interest, and thus the optical spectra can be calibrated by
scaling each spectrum to have the same [O 1] A5007 flux. The
value we adopt for the absolute flux in [O mr] A5007 is
5.39 x 10713 ergs s™! cm™2; this is the same value used by
Peterson et al. (1991), except that the value we quote here is in
the observed frame rather than the rest frame of NGC 5548.
The remaining problem is that the different aperture geom-
etries used result in different relative amounts of nuclear con-
tinuum and starlight from the host galaxy in different spectra,
and our adjustment for this effect is described below.

As described by Peterson et al. (1991), it is necessary to
adjust the optical fluxes obtained through different apertures
by a multiplicative factor (which is always close to unity) to
correct the [O m] A5007 flux, which comes from a partially
resolved region (cf. Wanders et al. 1992). We have adjusted the
optical fluxes for this effect with the point-source correction
factor ¢ as given by Peterson et al. (1991) for each of the data
sets used here.

A model for the spectrum of the stellar light from the galaxy
surrounding the active nucleus was made by combining a suit-
ably scaled off-nuclear spectrum of NGC 5548 with published
measurements of the spectral energy distribution of M32. The
off-nuclear spectrum was constructed from long-slit CCD
spectra obtained on 1989 July 29 with the UV Schmidt spec-
trograph on the Shane 3 m telescope at Lick Observatory
(Miller & Stone 1987). The spectrograph slit width projected to
3”, and the spectrograph was rotated to the parallactic angle of
62° to guard against the effects of atmospheric dispersion. To
obtain an off-nuclear spectrum, the nuclear spectrum was
extracted twice from the original image, once with an extrac-
tion window (i.e., effective slit length) which projects to 775 and
once with an extraction window which projects to 1574. In
each case the extraction window was centered on the nucleus.
That the difference between these two spectra is uncontami-
nated by nuclear emission from the central source is clear from
the absence of any residual broad-line features. There are a few
weak very narrow emission lines in the off-nuclear spectrum
that have been removed by interpolation. Over at least the
spectral range 3900-5500 A, this off-nuclear spectrum, less the
weak emission features, is very similar to the spectrum of M32.
Therefore, at wavelengths shorter than ~3900 A, the model
starlight spectral energy distribution was augmented by suit-
ably scaled near-UV and satellite-UV measurements of M32
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from O’Connell (1980) and Johnson (1979), respectively. The
stellar light fraction of the NGC 5548 spectrum becomes negli-
gibly small at wavelengths shorter than ~ 3000 A.

The model starlight spectrum was scaled to have a flux
Fg=337x10""% ergs s~ ' cm™2 A1 at 5100 A (all wave-
lengths are expressed in the rest frame of NGC 5548;
z = 0.0174). This is the starlight flux measured through a 5"
x 776 aperture (Peterson 1991). Then, to properly correct for
the varying amounts of stellar contamination in the various
apertures used in the optical campaign, the stellar spectrum
was scaled by a factor (1 + G/F;), where G is a correction for
the starlight through the different apertures of each of the indi-
vidual data sets comprising the optical data (Peterson et al.
1991). The values of G are taken from Peterson et al. (1992).

Figure 1 shows part of a “typical” spectrum of NGC 5548.
It is the combination of spectra from IUE (SWP36264 and
LWP15517; Clavel et al. 1991) and a contemporaneous
ground-based spectrum (n57660ia; Peterson et al. 1991), after
subtraction of the appropriate model starlight spectrum. Fol-
lowing WNW, we chose two line-free continuum windows, on
both sides of the small bump, at 1800 and 4200 A (see below).
The figure also shows a power law passing through these line-
free points. The emission feature we wish to measure is all the
flux above this power law from 2200 to 4200 A, excluding the
Mg 11 12800 line, which sits on top of it.

The spectrum is not representative of the data set as a whole
in the sense that only 13 of the ground-based spectra extend
shortward to near the atmospheric cutoff at ~ 3200 A. This is
an obvious problem, since much of the small blue bump is
between 3200 A and the Balmer edge (3646 A), and in the blend
of high-order Balmer lines at ~3700-4200 A. Therefore, the
larger the portion of the bump we wish to measure directly, the
fewer the epochs for which we can do it. With only 13 unevenly
distributed epochs we cannot obtain the kind of temporal
information that we are seeking about the small blue bump.
We have therefore chosen the approach of measuring directly
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Fic. 1—Combined UV-optical spectrum of NGC 5548. The solid line is a
power law passing through the line-free windows at 1800 and 4200 A. The
small blue bump is the flux above the power law between ~ 2200 and 4200 A,
excluding the Mg 11 42800 line. Also marked are the UV1, UV2, and OPT1
bands defined in the text. F, is in units of 1074 ergs s™* cm~2 A~!. The
spectrum is as seen in the observer’s reference frame.
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the flux of the bump only in the IUE part of the spectrum, and
correcting our measurements by using those spectra that do
have complete wavelength coverage, as described below. Since
the IUE data are sampled every 4 days, we can thus obtain
for the small blue bump a light curve that is compatible with
the light curves of the other emission lines that have been
measured.

The most important element of the measurement is the
setting of the underlying AGN continuum (WNW ; Wamsteker
et al. 1990). We choose to assume that this continuum has a
power-law shape with a variable spectral index and amplitude.
This is a suitable approximation over the limited wavelength
range in which we are interested. To minimize this wavelength
range, we set the parameters of the power law using the nearest
line-free continuum windows we could define on either side of
the bump. On the blue side of the bump we use an 80 A interval
centered at 1800 A, and on the red side at 4200 A. The latter is
at a sufficiently long wavelength that it can be measured in
many (35 separate epochs) of the optical spectra.

For every epoch having a measurement at 4200 A, the IUE
observation nearest in time (always within 2 days) was found,
and the 1800 A flux was measured. From the total flux at 4200
A we then subtracted the value of the stellar flux at 4200 A
derived from the appropriate starlight model, as described
above. The power-law continuum spectral index «, and ampli-
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tude F,, where F, = F,v*, were determined from the corrected
fluxes at 1800 and 4200 A.

In what follows we define three wavelength bands which we
use in the small blue bump measurements: UV1 from 2260 to
2655 A, UV2 from 2655 to 3045 A, and OPT1 from 3245 to
3635 A. UV1+2 denotes the combination of the UV1 and
UV2 bands. As a first iteration in our measurements, we
summed the total flux in the small blue bump in the UV142
band (i.e., between 2260 and 3045 A) above the derived power
law in all the IUE spectra chosen to match the optical 4200 A
continuum measurements. From the UV1+2 flux we sub-
tracted the Mg 11 42800 flux for each epoch, using the GEX
measurements of Clavel et al. (1991). The wavelength range
was chosen so as to avoid the edges of the LWP spectra, where
the data are particularly noisy. Table 1 gives the results of these
measurements. The first two columns give the Julian Date and
the starlight-subtracted 4200 A flux for all epochs for which
this optical measurement was feasible. The third and fourth
columns give the JD of the nearest IUE spectrum and its 1800
A flux. The fifth column gives the power-law index «, deter-
mined from the two continuum windows, and the sixth column
gives the total flux in the small blue bump above the power law
in the UV1+2 band. The seventh column gives, for 13 epochs
having these data, the bump flux in the OPT1 band (between
3245 and 3635 A), where the Balmer continuum is dominant.

TABLE 1
OPTICAL AND UV MEASUREMENTS

ID (opt) JD (IUE) a, UV1+2 OPT1
(—2440000) F,(4200)  (—2440000)  F,(1800)  1800-4200 A  2260-3045 A  3245-3635 A
1) 2 3) @ &) (6) (7
7509......... 7.54 7510 3.06 —0.33 598 3.04
7524......... 7.78 7522 3.67 —0.15 7.69 2.85
7525......... 8.75 7526 3.59 —0.32 7.78 3.11
7549......... 10.45 7549 3.95 —042 6.32 ..
7556......... 7.52 7557 3.49 —0.17 7.94 ..
7574......... 6.57 7573 2.32 —0.49 6.29 229
7576......... 6.25 7577 2.19 —0.50 5.65 "
7583......... 6.44 7581 2.10 —0.59 498
7587 .cun... 7.56 7586 2.49 —0.58 5.05
7590......... 6.51 7590 2.44 —043 6.35 .
7592......... 7.80 7590 244 —0.64 5.46 2.81
7613......... 10.01 7613 4.10 —0.32 5.15 2.50
7620......... 10.97 7621 483 —0.23 6.92 ..
7621 ......... 12.96 7621 4383 —043 5.41
7622......... 11.39 7621 483 —0.28 6.59
7628......... 10.18 7629 485 —0.14 729 ...
7643......... 10.24 7641 492 —0.13 7.01 3.49
7645......... 10.99 7645 453 —0.31 6.10 ..
7655......... 10.29 7653 431 —0.29 6.66
7658......... 9.84 7657 4.08 —0.31 723
7660......... 8.66 7661 3.93 —0.20 747 3.68
7663......... 9.93 7661 393 —0.36 6.48 .
7665......... 9.55 7665 3.81 —0.35. 7.02
7678......... 6.59 7677 3.16 —0.13 7.66
7679......... 8.67 7680 3.18 —0.45 6.50
7680......... 6.70 7680 3.18 —0.14 8.02 .
7687......... 8.93 7688 2.60 —0.72 5.09 2.74
7703......... 7.38 7705 293 —0.36 5.90 245
7. 7.94 7709 3.34 —0.29 5.58 .
7716......... 7.68 7717 3.44 —0.21 7.50 2.31
7719......... 8.02 7717 3.44 —0.26 723 ...
7725......... 8.12 7725 294 —047 6.38
7741......... 525 7741 1.65 —0.63 4.54 .
7742......... 3.76 7741 1.65 —0.23 5.62 1.77
7748......... 547 7745 1.66 —0.67 441 247

NoTes.—F ,(4200) in units of 10~ % ergs s~ cm ™2 A~1. F,(1800) in units of 10~ ** ergs s™* cm~2A~". Fluxes

in units of 10 12 ergss ™' cm ™2
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Included in the latter measurement are all spectra from Peter-
son et al. (1991) going shortward of 3300 A (observed
wavelength), except for spectra n57614h and n57645ia, both of
which are clearly not well flux-calibrated in the far blue part of
the spectrum. The flux quoted is the value obtained after sub-
traction of the starlight model described above.

The small blue bump measurements in Table 1 result in a
noisy light curve. Any variations present are comparable to the
scatter from point to point. Also, much of the light curve suffers
from undersampling. The main source of noise is the optical
4200 A measurement, which is affected by the heterogeneity of
the optical data base and the increasing error in inter-
calibration of the spectra as one goes away from the [O mr]
A5007 line. A small error in this quantity propagates into a
large error in the bump flux (see Fig. 1). In an effort to circum-
vent this difficulty, we have noted that a strong correlation
exists between the spectral index o, and the 1800 A flux. Figure
2 shows that the spectrum gets harder as the object brightens.
This was already noted in this object by Wamsteker et al.
(1990), Clavel et al. (1991), and Peterson (1991). Using the best-
fitting linear regression, we will assume that there is a perfect
relation between the spectral index and the flux, and all of the
observed scatter is attributable to observational error:

%1800-4200 = (0.123 + 0.004)F ;500 — (0.79 £ 0.05), (1)

where F, g0, is in units of 10~ ** ergs s~ * cm~2 A1, Using this
relation and the observed Fg¢9, We can then measure the flux
in the bump in all the IUE spectra with improved accuracy.
(In the linear regression we have excluded the outlier from
JD 2,447,742. This measurement is from a spectrum taken with
a relatively narrow (1”5) slit, in which flux-calibration prob-
lems in the blue are likely.)

It is important to verify that the relation in equation (1) is
not an artifact. Such a relation could arise if in reality the
spectral index were constant, but we underestimated the star-
light contribution at 4200 A. A constant starlight flux of
46 x 10" ergs s~ ecm~2 A~ 1! at 4200 A, which is 1.7 times
the value we have assumed, would be needed to explain the
effect. A relation similar to equation (1) can also be found if the

I 1 1 1

1
15 2 25 3 35 4 45 5
FA(1800)

Ll . 1

FIG. 2—Relation between the power-law spectral index «, from 1800 to
4200 A and the continuum flux at 1800 A. Also shown is the best linear fit. F, is

in units of 10" *ergss 'ecm ™2 AL
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5100 A continuum, rather than the 4200 A continuum, is used.
A constant starlight flux of 6.7 x 10" ergss ' cm ™2 A~ ! at
5100 A, that is, twice the value we have assumed, is then needed
to explain the variation in spectral slope. However, Peterson et
al. (1992) have measured a 5100 A flux as low as 5.6 x 1075
ergs s~ cm~2 A~! during a faint state of NGC 5548, thus
setting a firm upper limit on the amount of starlight at 5100 A,
and ruling out the above scenario.

Table 2 lists the epoch and small bump flux measured using
equation (1) to determine the nonstellar continuum. In order to
investigate the relative contributions to the variations of the
two main components of the bump—the Fe 11 multiplet blends
and the Balmer continuum—we separate our measurements in
Table 2 to the two bands defined above, UV1 (from 2260 to
2655 A) and UV2 (from 2655 to 3045 A). Mg 1 42800 has again
been subtracted from the UV2 measurement.

Figure 3 shows the light curves from Table 2. The top curve
(the UV1 + 2 flux) reveals that the measurement using the func-
tional relation for the spectral index (eq. [1]) has indeed
removed much of the noise in the light curve of Table 1, and
made apparent the variations in the small bump. The two
components of the UV1+ 2 flux, UV1 and UV2, also shown in
Figure 3, are qualitatively alike and have similar variation
amplitudes relative to the mean fluxes. Since the contribution
of the Balmer continuum is larger in the UV2 band (WNW),
this suggests that both the Fe 11 blends and the Balmer contin-
uum are varying with comparable amplitude and time scales.

To investigate this further, we have compared the variation
amplitudes in the UV1 band and the OPT1 band (3245-3635
A) and examined the relative contribution of Balmer contin-
uum and Fe 11 emission in each band. Modeling of quasar
spectra by WNW shows that at ~3600 A practically all of the
flux above the power-law continuum is Balmer continuum
emission. We have scaled one of the WNW Balmer continuum
models [T = 10* K, optical depth 1(13646) = 2] by varying
amounts to account for the ~ 3600 A flux above the best-fitting
power law in the spectra that have uninterrupted wavelength

8 T T T T T
! UV1+UV2
7k _
6 4
X
£ °r ]
N uv2 ]
S ]
% V1
1 1 1 1 1
%500 7550 7600 7650 7700 7750

FiG. 3—Light curve for the small blue bump flux in the UV1+2 band
(2260-3045 A ; top curve), and in the UV1 and UV2 bands (two bottom curves),
from Table 2. The flux is integrated above a power law determined by the
continuum level at 1800 A and a spectral index from the best-fit relation in Fig.
2. The Mg 11 412800 line flux has been subtracted from the total UV2 flux. Flux
isin units of 10”2 ergss™ ! cm ™2
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TABLE 2
LiGHT CURVES
D UVl uv2 Total
(—2440000)  F,(1800) 2260-2655 A  2655-3045A  2160-4130 A
7510......... 3.06 2.55 3.06 11.2
7514......... 3.03 2.717 3.58 12.7
7517......... 324 3.05 3.38 12.8
7522......... 3.67 3.18 3.51 133
7526......... 3.59 3.79 390 154
7530......... 3.82 3.11 291 12.0
7534......... 3.64 3.13 339 13.0
7538......... 4.37 3.18 3.24 12.8
7543......... 4.54 297 3.39 12.7
7546......... 448 3.56 3.42 139
395 327 3.67 13.8
3.96 2.75 341 12.3
3.49 3.28 3.56 13.7
2.74 3.18 3.19 12.7
2.59 3.10 341 13.0
232 2.86 324 12.2
2.19 2.76 274 11.0
2.10 2.51 2.70 104
249 2.70 2.64 10.6
244 2.98 323 124
2.39 3.03 3.11 12.2
297 2.78 2.90 11.3
3.37 2.27 2.87 10.3
343 2.68 2.85 11.0
7613......... 4.10 2.53 2.78 10.6
7617......... 3.82 3.56 3.86 14.8
7621......... 4.83 3.28 3.87 14.3
7625......... 471 3.58 4.07 15.3
7629......... 4.85 329 3.74 14.0
7633......... 4.61 3.79 4.03 15.6
7637......... 4.51 3.30 3.50 13.6
7641......... 492 3.16 3.46 132
764S......... 453 321 3.52 134
7649......... 4.14 3.74 4.03 15.5
7653......... 4.31 3.30 3.46 135
7657......... 4.08 3.28 3.94 144
7661......... 3.93 3.28 3.65 13.8
7665S......... 3.81 342 3.63 14.1
7669......... 3.46 322 3.73 13.9
7673......... 3.30 3.13 3.67 13.6
7677......... 3.16 290 320 12.2
7680......... 3.18 335 3.30 133
7684......... 291 3.10 3.15 12.5
7688......... 2.60 2.90 3.06 119
7692......... 2.60 2.90 3.02 11.8
769......... 2.72 2.50 292 10.8
7700......... 2.69 292 3.06 11.9
7705......... 2.93 2.81 2.62 10.8
7709......... 3.34 2.54 2.49 10.0
7713......... 3.24 2.84 3.21 12.1
T717......... 344 3.17 3.37 13.0
7721......... 333 2.98 3.09 12.1
7725......... 2.94 3.13 3.34 129
7729......... 2.26 3.02 3.17 124
7733......... 1.86 3.07 2.76 11.6
7737......... 1.50 2.99 2.83 11.6
7741......... 1.65 2.29 2217 9.12
7745......... 1.66 224 244 9.37
NoTes.—F, in units of 107 % ergs s™! cm~2 A~ Fluxes in units of 10712
ergss™'cm™2

coverage. This Balmer continuum model fits well the spectrum
of several quasars (WNW) and is also similar in shape to a
Balmer continuum model with T =2 x 10* K and small
optical depth.

Of the total flux of the Balmer continuum model, 19% is in
the UV1 band, 25% is in the UV2 band, and 33% is in the
OPT1 band. The contribution of the Balmer continuum model
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to the small bump flux is ~25% in the UV1 band, ~40% in
the UV2 band, and ~75% in the OPT1 band. The fractions
are similar both for spectra with high and low OPT1 band
fluxes, indicating that the other main component of the UV1
and UV2 bands, the Fe 11 emission, varies with comparable
amplitude to the Balmer continuum. We plot in Figure 4 the
OPT1 flux from Table 1 versus the UV1 flux from Table 2 for
the IUE epoch closest in time. Although the number of points
is small and the scatter is large, one sees again that the relative
amplitudes of variation of the two components are similar.
The lowest OPT1 point in Figure 4 is the measurement at
JD 2,447,742, which we have already noted is probably flawed.
If it is excluded, the ratio of the extreme values in the OPT1
band is 1.6. If the Fe 11 flux were constant, then a variation of at
most 1.3 (maximum/minimum) would be expected in the UV1
band, as opposed to the 1.6 that we find, even while ignoring
the extreme UV1 points. Conversely, the factor 1.6 variation
observed in the UV1 band, if due solely to Balmer continuum
variation, would cause a variation of factor 2.8 in the OPT1
band. Since our best estimate for the variation amplitudes is
~1.6 in both UV1 and OPT1 in all spectra having the two
bands, we conclude that the Balmer continuum and Fe 11 emis-
sion are varying with similar amplitudes.

As a final step in our measurement process, we need to
correct the bump flux measured in the IUE spectra to account
for the unmeasured flux between 2160 and 2260 A and 3045
and 4130 A. The similar relative variation amplitudes we
measure in various parts of the bump justify using a constant
multiplicative factor for this correction. By comparing the total
bump flux (21604130 A) in each of the 13 optical spectra
going down nearly to 3200 A to the UV1 + 2 flux from Table 2
in the nearest IUE spectrum, we obtain a correction factor of
1.99 + 0.16. The fifth column of Table 2 gives the sum of the
previous two columns times this correction factor and is our
best estimate for the flux of the small blue bump as a function
of time. Figure 5 shows the final light curve from column (5) of
Table 2. For comparison, we superpose a scaled version of the
1350 A continuum flux from Clavel et al. (1991).
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F16. 4—UV1 flux, which is dominated by Fe 11 emission, plotted against
the OPT1 flux, which is almost entirely Balmer continuum emission. The two
bands display similar variation amplitudes, indicating that both the Fe 11 emis-
sion and the Balmer continuum vary with similar relative amplitudes. Flux is
in units of 10”2 ergss ™! cm™2.
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FiG. 5—Final light curve for the small blue bump in NGC 5548, obtained
by scaling the UV 1+ 2 light curve in Fig. 4 by a factor of 2.0. Flux is in units of
1072 ergs s~ ! cm ™ 2. The thin line is a scaled version of the 1350 A continuum
light curve. The small blue bump is, like most other emission features in NGC
5548, strongly correlated with the continuum, with a lag of ~ 10 days.

The unknown observational uncertainties in much of the
data used here, plus the complicated iterative process we have
used to arrive at our final light curve, make it pointless to
attempt to analytically derive error estimates. Instead, we use
an empirical approach of comparing adjacent measurements
(i.e., separated by ~4 days) to obtain the scatter from point to
point (Peterson et al. 1991, 1992). This method assumes that
there are no line variations on time scales of 4 days. The point-
to-point variations that result from long-time-scale trends in
the light curve will cause this method to give an overestimate
of the uncertainty. We find that the errors on the measure-
ments in Table 2 are +10%.

An additional systematic source of uncertainty is associated
with the measurement process itself, for example, the assump-
tion that the underlying continuum has a power-law form and
the choice of points used to set the power law. To assess the
importance of this assumption, we have repeated the measure-
ment process setting the long-wavelength continuum point at
5100 A rather than at 4200 ﬁ The resulting small bump light
curve is very similar to that of Figure 5. If, in addition, 1350 A
rather than 1800 A is used to determine the short-wavelength
continuum point, the resulting light curve has a mean flux and
variation amplitude that are increased by ~25% relative to
Figure 5. We suspect that this increase is due to the inclusion of
continuum flux in the small bump measurement; the 1350 A
continuum is generally lower than the extrapolation of a power
law passing through the 1800 A window (see Fig. 1). By using
continuum windows that are as close as possible to the bump
itself, we are minimizing both the contamination by continuum
flux to the bump and the effect of assuming a particular
(power-law) shape for the underlying continuum. If, instead of
a power-law continuum, a thin accretion-disk model spectrum
(Laor & Netzer 1989) passing through the 1800 and 4200 A
windows is used, the small bump flux in a typical NGC 5548
spectrum is reduced by ~20%.

A related issue is that of reddening, both Galactic and inter-
nal. As discussed by Wamsteker et al. (1990), the amount of
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reddening in NGC 5548 is small, but uncertain. Following
Clavel et al. (1991) and Peterson et al. (1991), we choose not to
correct the measurements for reddening at this time. If, as
indicated by the above measurements, the shape of the small
blue bump is constant with time (i.e., only its amplitude varies),
the reddening correction is simply a multiplicative constant
which may be applied retroactively to the fluxes in Table 2. For
example, a correction for Galactic reddening with E;_,, = 0.05
mag would increase the small bump fluxes by ~30%.

3. ANALYSIS AND DISCUSSION

In this section we carry out a simple time-series analysis of
the small bump light curve, similar to that carred out by Clavel
et al. (1991), Peterson et al. (1991), and Dietrich et al. (1992) for
the other emission lines of NGC 5548.

It is clear that the small blue bump shows the same three
“events” that characterize the light curves of the continuum
and most of the other emission lines and exhibits a delay rela-
tive to the continuum variations. A cross correlation of the
small bump with the 1350 A continuum has a peak with a
correlation coefficient of 0.80 at a lag of 6 days (thick line in
Fig. 6). Its centroid is at 9 days lag. This is similar to the lag
found by Clavel et al. (1991) for Lya and C 1v 11549. In fact,
the light curves of Lya and the small bump are quite similar;
cross-correlation of the two has a peak correlation coefficient
of 0.68 at 0 days lag (thin line in Fig. 6).

To estimate the uncertainty in the lag of the small bump, we
have carried out Monte Carlo simulations as described by
Gaskell & Peterson (1987) and Maoz & Netzer (1989). A
smoothed version of the observed continuum light curve was
convolved with the response of thin-shell BLR geometries of
various sizes. The thin shell geometry is probably a poor repre-
sentation of the BLR of NGC 5548, but it suffices in order to
estimate the uncertainty in the cross-correlation lag, since it
generates a simulated emission-line light curve with the
required temporal characteristics (see Maoz & Netzer 1989).
The response of each BLR cloud to the ionizing flux impinging
on it was assumed to be instantaneous. This is a good approx-
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FiG. 6.—Cross-correlation functions of the small blue bump vs. the 1350 A
continuum (thick line) and vs. Lya (thin line).
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imation since, with a BLR electron density of 10° cm ™3 or
larger, the recombination time is 1 hr or less. The resonance-
line photon diffusion time for BLR conditions is of order 100—
1000 s. The cloud response time is thus much shorter than the
light travel time across the BLR, which we have found to be of
order a week. The simulated continuum and emission-line light
curves were then sampled with a sampling grid of 4 days, and
Gaussian-distributed errors of appropriate size were applied.
The light curves were cross-correlated, and the centroid of the
cross-correlation function found. This process was repeated
many times to obtain the distribution of cross-correlation
peaks for each assumed geometry. We find that the uncertainty
in the lag as a result of sampling and random measurement
errors is of order 1-2 days. Another source of uncertainty in
the lag is the systematics of the measurements process itself.
We have repeated the bump measurements letting the param-
eters in equation (1) vary within their range of uncertainty.
This induces a change in the lag of ~ +1 day.

We conclude from this that the peak response of the small
bump emission arises physically in the same region as that of
the other main lines. This is consistent with the finding by
Boroson & Green (1992) that the optical Fe 11 blends in PG
quasars have the same broadening as Hf, suggesting they
come from the broad-line region like the other emission lines.
The peak-to-pec k variation amplitude of the small bump rela-
tive to the mean value is ~ +20%, similar to the Balmer lines
measured by Peterson et al. (1991) and Dietrich et al. (1992),
and considerably smaller than the relative variation in Lyx and
C 1v A1549 (Clavel et al. 1991).

Wamsteker et al. (1990) analyzed combined IUE/optical
data of NGC 5548 for a range of continuum levels similar to
that observed during the 1988—1989 monitoring campaign (but
with far fewer epochs spread over 8 yr). They fitted the small
blue bump with models for the Balmer continuum and the
Fe 11 blend and found that all the variations in the bump were
consistent with being due to the Balmer continuum while Fe 11
stayed constant. They also found that the amplitude of the
Balmer continuum variations was comparable to, and perhaps
even larger than, that of Lya. Both of these results are in dis-
agreement with our results here: we find that the blue bump
varies by a factor of 1.6 (maximum/minimum) while Lyx varies
by a factor of 2, and we find that both Fe 11 and the Balmer
continuum contribute comparably to these variations.

To investigate the source of this disagreement we applied the
analysis described in this paper to several of the spectra that
were used by Wamsteker et al. in their analysis. In particular,
we tried to see whether or not, for similar continuum levels to
those observed in the 1988—1989 campaign, we measure similar
bump fluxes in the UV1 and UV2 ranges. The results are
mixed: a “low state ” spectrum from 1981 July has bump fluxes
in these two ranges that are similar to those we measure in
1989 for comparable continuum levels; a 1982 March “high-
state ” spectrum has the same UV1 flux that we measure in the
1989 high states, but its UV2 flux is indeed 1.5 times higher
than in 1989. These two spectra would suggest that, in fact, the
Balmer continuum responded more strongly in the past to
continuum outbursts. Since the earlier data have very poor
temporal resolution, it is also possible that the strong Balmer
emission seen then is the response of an extended BLR com-
ponent to a prolonged high state, a component that had no
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time to respond to the relatively short outbursts of 1988-1989.
However, the picture becomes more complicated when other
old spectra are examined. For example, an “intermediate
state” spectrum from 1984 February has similar flux to one of
the 1989 campaign spectra (JD 2,447,534) between 1150 and
2300 A. Then, from 2300 to 3200 A, it is higher by ~15% than
the 1989 spectrum. As a result, the bump flux in the UV1 band
is 1.5 times higher than in the 1989 spectrum, while in the UV2
band it is only slightly higher than in 1989. This spectrum thus
shows an opposite effect to that seen in the 1982 March spec-
trum. A 1984 May “high-state” spectrum has UV1 and UV2
fluxes 1.9 and 1.6 times larger than measured in 1989 for the
same continuum levels.

We conclude that the differences in our results and those of
Wamsteker et al. (1990) are not due to the different methods of
analysis, but to real differences in the data. It is unclear to us
whether the source of the differences is instrumental, or
whether the small bump actually had a different response in
1988-1989 than in some past years, or if the differences are due
to a combination of these effects. Whatever is the case, the
frequent sampling, the large number of observations, and the
uniformity with which they were carried out, make the 1989
campaign data more suitable for determining the behavior of
the small blue bump in NGC 5548.

To summarize, we have used an iterative method to measure
the light curve of the “small blue bump” in NGC 5548 from
IUE and ground-based observations obtained in 1988—-1989.
In order to subtract the nonstellar continuum underlying this
blend of emission lines, our scheme makes use of the empirical
result that the continuum hardens as it brightens. The small
blue bump has a light curve which, like most of the other
emission lines of NGC 5548 monitored in 1988-1989, reflects
the three continuum outburst events that took place. The flux
in the bump lags the continuum events by ~ 10 days, similar to
Lyo, but its variation amplitude is smaller and more like that
of HB. Different parts of the bump vary with similar relative
amplitude, which indicates the two main components of the
bump—the Balmer continuum and the blend of Fen UV
multiplets—are both variable. These results suggest that the
Balmer continuum and Fe 11 emission are emitted in the
broad-line region. Since about one-third of the total line flux is
in it, the small blue bump is the single most important line
cooling feature in NGC 5548, and its behavior needs to be
accounted for by any model for the line emission of this object.
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