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Abstract. With the aim of better understanding the physical
processes that produce the continuous emission in active galac-
tic nuclei (AGNs), a snapshot of the overall continuous energy
distribution of NGC 3783, from ~v-ray to radio wavelengths,
has been obtained within the framework of the World Astron-
omy Days. The data collected in this campaign are from GRO,
ROSAT, Voyager 2, IUE, HST, ESO, CTIO, SAAO and the
VLA. Great care has been taken in disentangling the genuine
AGN continuous emission from other contributions: depending
on the waveband, the latter might be (i) unrelated contaminating
sources in cases where the instrument field of view is large, (ii)
components within which the AGN is embedded, such as the
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* Based on observations with the GRO (NASA), ROSAT
(DARA/NASA/SERC), Vovager (NASA), HST (NASA/ESA) and [UE
(NASA/ESA/SERC) spacecraft and at ESO (La Silla), CTIO. SAAO.
and VLA

stellar bulge population which accounts for a significant fraction
of the optical continuum, and free-bound and Fell blends which
contribute to the ultraviolet flux. After correction for these other
contributions, the continuous emission of the isolated AGN ap-
pears to be rather flat (i.e., approximately equal energy per unit
logarithmic frequency) from soft y-ray to infrared wavelengths.
At high energies (0.1 MeV to 0.1 keV), the AGN continuum
can be fitted by a power law F, oc v~ with a spectral index
o = 1. At longer wavelengths, two excesses above this power
law (“*bumps”) appear: in the ultraviolet, the classical big blue
bump, which can be interpreted as thermal emission from the
accretion disc surrounding a massive black hole, and in the in-
frared a second bump which can be ascribed to thermal emission
from dust in the vicinity of the AGN, heated by ultraviolet radia-
tion from the central source. By fitting accretion-disc models to
the observed AGN spectral energy distribution, we find values
for the accretion disc innermost temperature, accretion rate, and
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black hole mass, with some differences that depend on whether
or not we extrapolate the high-energy power law up to infrared
wavelengths. A fit to the IR bump above the extended a = 1
power law suggests the presence of a dust component covering
the region from a distance r = 80 light days (hot grains at a
temperature 7 = 1500K) to r = 60 light years (cool grains at
T = 200 K). The total mass of dust is around 60 Mg,

Key words: galaxies: Seyfert - galaxies: individual: NGC 3783
— galaxies: nuclei — radiation mechanisms: non-thermal - radi-
ation mechanisms: thermal — black hole physics

1. Introduction

Active galactic nuclei (hereafter AGNs) are known to emit a
large amount of energy, typically in the range 10%~*' watts, with
two specific characteristics which make them unique: (1) the en-
ergy is distributed at all frequencies from gamma rays to radio
wavelengths, and (ii) the energy output varies with time, on dif-
ferent time scales for different wavebands, and more rapidly at
higher energies. Gravitational energy release is usually invoked
to explain both short time-scale variability at high energies and
the large overall luminosity of AGNs, although the specifics
of physical processes involved remain obscure. In order to dis-
entangle the various physical mechanisms that contribute to the
observed spectra and thus to form a consistent picture of the ori-
gin of their overall continuous emission, it is therefore necessary
to observe AGNs over the entire electromagnetic spectrum and
10 monitor their variations in each of the wavebands. From an
observational point of view, this is an extremely ambitious goal.
However it is clearly the next important step to be made if we
wish 1o make progress in the understanding of the physics of
AGN.

Over the last several years, continuum and emission-line
variability has been used to explore the size and structure of
the central regions of AGNs. By following the response of the
broad emission lines to changes in the continuum, which is
generally supposed to arise in an accretion disc surrounding a
supermassive black hole, it is possible to determine the struc-
ture of the so-called broad-line region (BLR). Reverberation
mapping techniques (see Peterson 1993) have been applied 1o
derive, from the delays between the light curves of the UV
continuum and the BLR line emission, information about the
size and spatial organization of the BLR gas. Following the
early studies of NGC 4151 (Clavel et al. 1990 and references
therein), large international coordinated monitoring campaigns
have been established 1o collect well-sampled data sets, both in
the UV (with both IUE and HST) and in the optical domains.
Some of the largest multiwavelength programmes have been
carried out by a consortium known as the International AGN
Watch (Alloin et al. 1994). The first AGN Watch programme
was an extensive IUE/ground-based campaign on the Seyfert |
galaxy NGC 5548 (Clavel etal. 1991; Petersonetal. 1991, 1992,
1994: Maoz et al. 1993; Dietrich et al. 1993).

D. Alloin et al.: Emission of the active galactic nucleus in NGC 3783

In addition to providing information on the size and structure
of the BLR, these campaigns have produced important results
on the nature of the continuum emission as well. Comparison of
the UV and optical datareveals that to the time resolution of the
data (between one and four days, depending on the campaign),
there is no measurable time delay between the UV and optical
continuum variations. This result places stringent constraints
on accretion-disc models that must be considered in the inter-
pretation of the continuous emission from these AGNs. Similar
constraints on the more energetic y-ray and X-ray emission
could be especially enlightening. Because AGNs vary on dif-
ferent timescales in different wavebands, a useful first step is to
obtain a*“snapshot” of the overall continuum spectral energy dis-
tribution, i.e., contemporaneous multiwavelength observations
of a single AGN. In addition to constraining the accretion-disc
model and providing a consistent picture of the continuous radi-
ation, these data would also allow us to probe more directly the
shape of the radiation field, which is information required for
the photoionization equilibrium codes that are currently used
to interpret the BLR and narrow-line region (NLR) emission in
AGN:s.

During 1991-92, the International AGN Watch consortium
carried out a large campaign to monitor the UV and optical
variability of the AGN in NGC 3783. This galaxy is an almost
face-on spiral (SBa), at aredshift of z = 0.0097 and with overall
size around 110”. It hosts a Seyfert | nucleus which has been
extensively studied in X-rays (Marshall et al. 1981; Reichert et
al. 1985; McHardy 1988; Turner et al. 1991; Ghosh et al. 1992),
the UV (Marshall et al. 1981; Barr et al. 1983; Chapman et
al. 1985) and the optical/near-IR (Pelat et al. 1981; Menzies &
Feast 1983; Stirpe et al. 1988; Evans 1989; Winge et al. 1992;
Winkler et al. 1992; Glass 1992). The AGN Watch campaign
took place from 1991 December 21 to 1992 July 29 in the UV
(IUE), and from 1991 December 3 to 1992 August 9 in the opti-
cal (Reichertet al. 1994, AGN Watch Paper V; Stirpe et al. 1994,
AGN Watch Paper VI). An opportunity to obtain a snapshot of
the overall continuous distribution of NGC 3783 occurred in the
framework of the World Astronomy Days (hereafter WAD). an
ESA sponsored activity in the context of the International Space
Year that was established to coordinate on a worldwide basis the
use of many facilities on a chosen target. Through this channel
and the cooperation of many observers, we were able 10 obtain
nearly simultaneous data on the AGN in NGC 3783 from ~-ray
1o radio wavelengths. The primary date chosen for the WAD
observations was 1992 June 29 (JD 2448802.5). However, diffi-
culties in scheduling some of the space-based observations led
to another set of observations which were made on a secondary
date (1992 July 27 = JD 2448830.5). The facilities involved in
the WAD campaign were the Compton Gamma Ray Observa-
tory (GRO,NASA), the Rontgen Observatory Satellite (ROSAT,
DARA/NASA/SERC), Voyager 2 (NASA), the International Ul-
traviolet Explorer (IUE, NASA/ESA/SERC), the Hubble Space
Telescope! (HST, NASA/ESA), the European Southern Obser-

' The HST observations were obtained at the Space Telescope Sci-

ence Institute. which is operated by the Association of Universities for
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vatory (ESO) in Chile including the Swedish-ESO Submillime-
tre Telescope (SEST) and the Observatoire de Geneve facil-
ity, the Cerro Tololo Inter-American Observatory (CTIO) in
Chile, the South African Astronomical Observatory (SAAO) in
South Africa, the Universidad Nacional Auténoma de Méjico
(UNAM), and the Very Large Array Telescope® (VLA) in the
USA.

The data obtained in this project are presented in Sect. 2. In
Sect. 3, we discuss some of the systematic differences among
the various data, which arise essentially from beam size differ-
ences and thus introduce additional flux contributions which are
not from the AGN itself. We outline how we have adjusted the
measurements to account for these effects. We also correct all
of the data for Galactic reddening, for which we have adopted
a value of Fg_y = 0.12 + 0.01, as derived in Paper V from
the fits of the HST UV spectrum presented here; this value is
consistent with that inferred from the Burstein & Heiles (1982)
maps, Eg_y = 0.12, and from the measured Galactic HI col-
umn density (Ez_y = 0.13 £ 0.04, Stark et al. 1992). The
pure AGN continuous emission is then derived and discussed in
Sect. 4.

2. The WAD data set

In this section, we present the data, in order of increasing pho-
ton frequency, that were obtained as part of the WAD coordi-
nated campaign. The observational parameters as well as the
key points in data reduction are outlined for each observation,
and the final observed flux measurements are provided.

2.1. Radio observations

The observations of NGC 3783 with the VLA began on 1992
June 27 (21:31 UT, JD 2448801.4). The phase center of the
interferometer was at coordinates ajosp = 11"36™33° and
S19s50 = —37°27’41”. Continuum observations were made at
wavelengths of 20cm. 3.6cm and 2cm with the array in the
C/D hybrid configuration (Napier et al. 1983). Each observation
Jasted for 9 minutes. The primary flux calibrator was 3C 286 and
the phase calibrator was PKS 1151~348. The observational pa-
rameters are summarized in Table 1.

The AIPS data reduction package was used to construct
CLEAN images of NGC 3783, which was only partially re-
solved. A two-dimensional Gaussian was fitted to the image of
the source at each waveband and the results are given in Table 2.

Considering the size of the synthesized beam at each wave-
band and the small difterences between the peak and the inte-
grated fluxes, NGC 3783 appears to be only marginally resolved
at 20 ¢m and 3.6 cm, and unresolved at 2 cm.

Research in Astronomy. Incorporated. under NASA contract NASS5-
26555.
2

2 The VLA is operated by Associated Universities, Inc.. a under
cooperative agreement with the National Science Foundation.
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Table 1. VLA parameters

20cm 3.6cm 2cm
Frequency (MHz) 1489.9 8439.9 14964.9
Bandwidth (MHz) 100 100 50
Synthesized beam () 41x33  7.5x6.2 3.7x3.2
3C 286 assumed flux (Jy)  14.39 5.19 345
PKS 1151-348 flux (Jy) 5.70 1.64 1.04
Image rms (uJy) 400 32 240

A 50 MHz bandwidth was used at 2 cm, due to calibration errors
with the second IF. The assumed flux densities of 3C 286 have
absolute errors of 5% (Baars et al. 1977).

Table 2. The flux measurements and properties of NGC 3783 in the
radio

20cm 3.6cm 2cm
Peak flux in 32.7 6.07 2.61
the beam (mly) 0.1 (0.51) (0.08)
Integrated flux 379 8.5 2.49
2-D gauss. (mJy) 0.3) (1.2) (0.15)
Peak position 113632.953 113632.889 113632957
(1950) (0.008) (0.004) 0.011)
—372741.76 =372740.29 -372741.95
(0.05) (0.03) (0.07)
Deconvolved 17”9 4”6 <2"3
major axis (0".4) "1
Deconvolved 10”.9 470 <2"3
minor axis 0"”.4) (0.05)
Position angle 92°2 160°

The errors given in parentheses are the formal errors of the fit.

2.2. Far to mid-IR

No new observations of NGC 3783, due to adverse weather con-
ditions, were obtained during the WAD campaign. For the sake
of completeness, we have taken from the literature fluxes mea-
sured through N (10 um) and Q (20 pm) filters, as well as the
IRAS fluxes at 12, 25, 60, and 100 um. We expect that most of
the emission measured by IRAS (1’ to 2’ beam size) arises in
cold material in the host galaxy and hence is not related with
the AGN and should not vary much. Ground-based measure-
ments in the 10 um and 20 um windows have been obtained
through much smaller apertures (5”) by Frogel et al. (1982).
These measurements are given in Table 3, despite the fact they
were made at different times than the rest of the observations
discussed here. Glass et al. (1982) measured a smaller broad-
band 10 pm flux (33020 mly) but through a larger aperturc
(7"5) and, therefore hereafter we shall consider the Frogel et
al. value.
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Table 3. Far and mid-IR flux measurements from the literature

N Q IRAS bands
10pum  20pum  {2pm  25pm 60pm 100 um
Flux 400 1240 792 2435 3305 5118
(mly) +36 250 +55 150 £200 £560

Table 4. The near-IR fluxes, uncorrected for reddening and starlight,
through a 12" diameter diaphragm

Date 1.25pum  1.65um  220pum 340 um
D) (mly)

2448804 5345 74.8 90.0 145.2
2448834 50.10 70.8 89.1 140.0
error (%) 1.40 2.0 2.5 7.0

Table 5. The ESO and CTIO spectroscopic data

Date Aperture  Resolution Range Origin
D) (“x") (A) (A)

2448802.3 3x33 4 4750-8200 ESO

2448803.3 3x33 4 4750-8200 ESO

2448830.5 5x10 8 3645-7195  CTIO
2448832.5 5x10 8 3645-7195 CTIO

Comparison of the IRAS mid-IR fluxes with smaller aper-
ture ground-based measurements provides information on the
relative contributions of the AGN and host galaxy to the total
flux. Using their 12 um flux measurement through a 4”.2 aper-
ture, Roche et al. (1991) conclude that 87% of the IRAS 12 um
flux arises from the nuclear region. For the 25 pm window, Ward
ct al. (1987) have extrapolated the ground-based 20 um mea-
surement and estimate that ~70% of the IRAS flux is due to the
nucleus.

2.3. Near-IR photometry

The near IR observations were made using the 1.9m telescope
at Sutherland with the MKIII photometer (Glass 1985a). The
entrance diaphragm size was 12" in diameter. A chopping pro-
cedure was used at 12.5Hz, to fields 30” north and south of
the nucleus. The filters used are described by Glass (1973). The
photometry is provided on the standard SAAQ system of Carter
(1990) and only ] measurements needed to be transformed. The
transformation of measurements on the SAAO Carter system
to other systems is discussed at length by Glass (1985b). The
observations were taken in exactly the same way as described
by Glass (1992), who also presents the previous IR history of
NGC 3783. The standard star HR 4523 was taken as areference.
Conversion to flux can be accomplished by assuming magnitude
zero potnts of -22.82,~23.01,-23.21,-23.55for J, H, K, L re-
spectively, in units of log flux (watt m~2 Hz™!). A report on
the full campaign in the near IR is presented in Paper VI. From
these data, we have simply taken the observations closest to
the WAD primary and secondary dates on JD 2448804 and JD
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2448834. These are given in Table 4. The near-IR fluxes are
not corrected for reddening and include both the AGN and the
stellar contributions. We shall discuss them in Sect. 3.

2.4. Optical observations
2.4.1. Direct imaging

AV band image was obtained with the CTIO 1.5m telescope
at f/7.5 with a Tek 512x512 CCD (0”.49/pix) on 1992 June
29 (JD 2448802.5), as part of the WAD programme. The see-
ing, measured from unsaturated stars, is around 2”.5. The image
has been calibrated by using the V measurement of NGC 3783
from Paper VI that is nearest in time to the WAD observation,
which is the SAAO measurement of V = 12.92 on JD 2448803
through a 20” diameter circular aperture. Simulated aperture
photometry on the image with this aperture is used to calibrate
the frame. A check of this calibration was made by perform-
ing aperture photometry through a 33" diameter aperture and
comparing the results with the OAFA measurement made on
JD 2448809 (Table 3 of Paper VI). This gives V = 12.55, which
is in reasonably good agreement with the OAFA value of V
= 12.61. A further check is provided by comparison with the
multi-aperture photometry of Schroder & Kepler (1991), ob-
tained when NGC 3783 was about 1 mag brighter than it was
on the WAD primary date (which was close to the maximum
brightness during the AGN Watch campaign). By measuring
the brightness of the calibrated image in the annulus defined
by an aperture of diameter 15”.5 and an aperture of diameter
24”5, we measure as the total brightness of this annular region
Vann = 14.43. The Schroder & Keplerdatayield V,,, = 14.49,
which is in good agreement. Given the above differences, we
assume an uncertainty in the absolute flux calibration of ~6%.

2.4.2. Spectroscopy

Spectra were collected at ESO and CTIO both on and around
the WAD primary and secondary dates in the course of the
larger AGN Watch campaign (Paper VI). At ESO, the Boller
& Chivens spectrograph attached to the Cassegrain focus of
the 1.5m telescope was used, together with a CCD. At CTIO,
data were obtained with the 2D-Frutti spectrometer on the 1.0m
telescope. We show in Table 5 the observational parameters for
spectra obtained around the WAD dates.

The data were reduced in a standard way, and all of
the details can be found in Paper VI. The spectra were
all put on an absolute scale by scaling the data to the
[O I} A5007 line flux, which is assumed to be constant in
time as it arises in a region about 100pc in size (i.e., ~
05 at the distance of NGC 3783, which is 38.7Mpc for
Ho= 75kms~! Mpc™!). The [OIII] A5007 flux is taken to be
8.44 + 0.06x10™ " ergs~'cm~2. The difference in aperture
size between the two WAD spectroscopic data sets probably
does not introduce more than a 2% error in the absolute scal-
ing. The ESO spectrum obtained on JD 2448802 is displayed in
Fig. 1.
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Fig. 1. Plot of the WAD long slit spectrum obtained at ESO on 1992
June 29 (JD 2448802), and extracted so as to correspond to a 3" x 3.3
aperture

Table 6. The optical continuum ina 20 A bandpass centered at 5150 A,
for an entrance slit 5" x 10" (from Paper VI).

Emission of the active galactic nucleus in NGC 3783

Date F\(5150A) F.(51504)
(ID) (lO_ISergs_lcm'lA_l) (10~ Bergs—' em™2Hz~h)
2448802.3 12.57 £ 0.62 1.11 £ 0.05
2448803.3 13.40 + 0.64 1.18 £ 0.05
2448830.5 13.32 £ 0.27 1.18 £ 0.02
2448832.5 14.64 £ 0.29 1.29 £+ 0.02

An extensive discussion on how the continuum flux was de-
rived in aconsistent manner for the whole AGN Watch campaign
is provided in Paper V1. The combination of spectroscopic and
photometric data led to an estimate of the continuum through a
5" x 10" entrance slit as given in Table 6.

Direct measurement of the ESO spectrum from 1992
June 29 (JD 2448802), again scaled by the [OIII] A5007
flux, yields a continuum measurement 10.99 + 0.44x
10~ ergs™' ecm™2 A~!. Asexpected, itis slightly smaller than
the one derived for a 5" x 10" entrance slit, showing clearly that
the stellar population contributes to the observed continuum.
This contribution must be estimated carefuily, both at visible
and near IR wavelengths, to derive the pure AGN continuum
emission.

2.5. Ultraviolet observations
2.5.1. The HST FOS data

High resolution, high signal-to-noise (§/N) ratio spectroscopic
information in the ultraviolet was highly desirable in order to
better understand the structure of the line-emitting regions in the
AGN and to derive the Galactic reddening along the line of sight
to NGC 3783. During the AGN Watch monitoring campaign
with IUE (Paper V), HST observations with the Faint Object
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Table 7. Continuum estimates from IUE spectra (10" x 20" entrance
diaphragm), uncorrected for reddening.

D Fisn  Fias Fow Fprom .,
(107 ™ergs™Tem™“A~")  1460-1835

88019 470 4.12 308 2.20 1.44
+0.13 +0.14 £0.08 +0.15 +0.03

8803.5 496 435 3.17 1.99 1.42
+0.13 +£0.11 £0.11 +0.29 +0.03

88293 547 485 370 2.57 1.47
+0.15 +0.12 +0.12 +0.18 +0.03

88313 636 513 3.66 2.40 1.06
+0.16 +0.14 +0.12 £0.23 +0.01

Spectrograph (FOS) were obtained for this purpose on 1992
July 27 (JD 2448830, the secondary WAD date).

The nucleus of the galaxy was acquired within a 1”.0 aper-
ture on the blue side of the FOS. We obtained a 2100 s exposure
(eight separate readouts) with the G190H grating and two 1800s
exposures (each of seven separate readouts) with the G130H
grating. A full description of the data processing is provided in
Paper V. Over the 1160 to 2150 A wavelength range, the line
spectrum appears to be extremely rich, as discussed at length
in Paper V. The absorption-line spectrum indicates a Galactic
reddening E_v = 0.12 £ 0.01, which was adopted as the red-
dening correction for NGC 3783,

Because of the HST point-spread function (PSF) at that
epoch, the FOS spectrum had to be renormalized. We multi-
plied it by a constant factor of 1.13 to match the interpolated
IUE flux at 1460 A on the secondary WAD date. Since our cur-
rent primary interest is the AGN continuous emission, we have
measured the flux in the three line-free wavelength intervals of
1161-1185 A, 1326-1330 A, and 1340~1395 A. The continuum
flux values are listed in Table 10 below. The IUE measurements
are described in next section. The difference between IUE and
HST fluxes at 1328 A and at 1368 A, after the above normal-
ization, is less than 5%.

2.6. IUE spectroscopy

The nucleus of NGC 3783 was observed with IUE through-
out the International AGN Watch campaign through the large
aperture (10” x 20”) and in the low dispersion mode. Both
the short wavelength (SWP, 1150-1980 A) and the long wave-
length (LWP, 1950-3300 A) cameras were used. In particular. a
number of these observations were scheduled around the WAD
primary and secondary dates (Paper V). The observations on JD
2448803.5 were made especially for the WAD campaign.

All of the details concerning the processing of the IUE data
can be found in Paper V. We give here the continuum measure-
ments obtained from the Gaussian extraction (GEX) method in
the windows 1445 — 1475 A, 1820 - 1850 A and 2680 - 2720 A
(observed wavelengths). These bandpasses were chosen from
the FOS spectrum to be as free as possible of emission or ab-
sorption features. The continuum estimates are given in Table 7.
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Table 7 also lists the short wavelength spectral index, a,
(F, x v~ %), as measured in Paper V. It should be noted, how-
ever, that it is not corrected for reddening nor for Fe Il line and
Balmer continuum emission, which are important longwards of
~ 1700 A and constitute the so-called “small bump™. In fact,
the effective slope averaged over the whole AGN Watch cam-
paign is estimated to change from 1.51 to 0.86 after correction
for reddening in the Galaxy (Paper V) and the true index should
still be flatter after correction for Fe I and Balmer continuum
emission (Sect. 3).

The spectrum of the nuclear region in NGC 3783 from 1150
to 7200 A is shown in Fig. 2. It includes the simultaneous or
nearly simultaneous data collected on the secondary WAD date
with HST (JD 2448830.2), with IUE (the average of the spectra
obtained on JD 2448829.3 and JD 2448831.3) and at CTIO (JD
2448830.5).

2.7. Far-UV observations

The ultraviolet spectrometers (UVS) on board the Voyager
spacecraft (Broadfoot et al. 1977) are objective grating instru-
ments sensitive in the 500 — 1700 A spectral range. The re-
ciprocal dispersion is 9.26 A per detector channel, yielding an
effective resolution of about 18 A for an unresolved source. The
Voyager UVS calibration has been discussed by Holberg et al.
(1982) and Holberg et al. (1991). During the observations, the
Voyager scan platform is fixed in the normal direction of the
target, while the spacecraft limit-cycle motions move the field-
of-view (FOV) of the spectrometer on and off the target to ob-
tain both source and background signals. In the dispersion di-
rection, a transit of a point source through the FOV produces a
well-deter:nined Gaussian-like response having an annular half-
width of 0°.097. In the cross-dispersion direction, the instrument
response is approximately rectangular with a full width of 0°.86.

The NGC 3783 observations discussed here were obtained
with the Voyager 2 UVS during one nearly continuous observ-
ing interval between 1992 July 13 - 27, close to the secondary
WAD date. For each observing interval, a continuous stream
of individual spectra (500 — 1700 A) of NGC 3783 were ob-
tained with an integration time of 3.84 seconds. These indi-
vidual spectra were combined into 15.36 second averages (3:1
compression) for logistical reasons. An aspect solution was then
performed on the entire data set in order to locate NGC 3783
within the FOV. The individual spectra obtained at the nomi-
nal position of the galaxy in the FOV were accumulated, after
removal of sky background, and corrected for all instrumental
effects. The final ensemble spectrum, derived from the entire
14-day interval, has a total integration time of 340,425 seconds,
using only data obtained within +0°045 of the nominal position
of NGC 3783 within the UVS FOV.

Because of the faintness of NGC 3783, a variety of ad-
ditional data reductions were performed to evaluate external
crrors. The data were divided into three segments to test the
confidence of detection; this yiclded certain detection in 2 seg-
ments, probable detection in the third. Reductions using local
and non-local background were performed, producing spectra
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Table 8. Broad-band average far-ultraviolet flux through the 0".1 x 0°.8
Voyager FOV entrance

Fyergem ™37 'ATh

Bandpass 925-1000A  1045- 1120A

Center | 183 x 107" 471 x 107"

Center 2 1.63x 107" 464 x 1071
Adopted value 1.7 x 107" 4.7 %1071

Uncertainties are 8 x 10" % ergs™ em™2 A~".

with no statistically significant differences. The effect of un-
certainties in the aspect solution was evaluated by comparing
spectra summed on different centers (Center | and Center 2) in
the Voyager FOV. These external error evaluations were com-
bined with the internal (photon) errors of the final ensemble
spectrum for analysis.

The faintness of NGC 3783 preciudes use of data in the
lower sensitivity, longer Voyager wavelengths (1150-1700 A).
For the shorter wavelength Voyager data, the per-channel errors
were still significant and it was decided to bin the data into
2 broad bands to improve the S/N ratio. The results for this
two bins are shown in Table 8, along with estimates of the total
(internal plus external) error. The 963 A flux has been corrected
for reddening by the interstellar medium, by extrapolating the
Seaton’s law (1979) using the extinction at 1010 and 1000 A We
shall discuss in Sect. 3 the association of this flux measurements
with the AGN in NGC 3783.

2.8. Soft X-ray observations

As part of the WAD project, NGC 3783 was scheduled as a
target of opportunity for two orbits of the ROSAT X-ray tele-
scope (Triimper 1993) with the Position Sensitive Proportional
Counter (PSPC-B) in the focal plane (Pfeffermann et al. 1986).
The PSPC is sensitive over the bandpass 0.1 — 2.4 keV, and has
a 2° diameter FOV. The spatial resolution (FWHM) for the full
bandpass is around 25" on axis and 44" at an off-axis angle of
11’ (Hasinger et al. 1992). The energy resolution (FWHM) of
the PSPC detector is AE/E = 0.43(E/0.93)7%3, where E is
the photon energy in keV.

Due to operational problems with the satellite, only one
short observation could be performed on 1992 July 1 (from UT
20:42:10 to 21:03:27), with an effective on-source integration
time of 402 seconds. The average count-rate on the source, i.e.,
corrected for background, was 2.22 + 0.08 ™', which enables
us to perform only a limited spectral fitting. A simple power
law fit to the photon-energy distribution N(E) < E~T yields a
photon index ' = 2.56 + 0.39, assuming a Galactic absorption
Ny = 9.4 x 102 cm~2 (Stark et al. 1992), consistent with the
Eg_v value discussed in Sect. l. This fit results in an unab-
sorbed X-ray flux of 1.03 £ 0.3 x 10~ ergs™! cm™2 over the
0.1 - 2.4 keV window. However, the reduced x? indicates that
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Fig. 2. Plot of the nuclear spectrum of NGC 3783 obtained on the secondary WAD date by HST, IUE and the CTIO Im telescope through
apertures of 1, 10” x 20" and 5 x 10" respectively. The spectrum has been corrected for reddening in the Galaxy, but not for the host-galaxy
starlight contribution, which is nearly negtigible in the UV but important and aperture-dependent at optical wavelengths. Different scales are
used to show both weak and strong features. in particular, the scales in the bottom panel are enhanced by a factor of 8

the fit is not acceptable. Indeed, a more complex fit is required,
as an absorption structure around | keV indicates the presence
of a warm absorber.

Fortunately, another observation of NGC 3783 with the
PSPC aboard ROSAT was scheduled on 1992 July 23, failing
in the window of the secondary WAD date (Turner et al. 1993).
The total on-source exposure time was 2668 sec. The data re-
duction procedure is described in detail by Turner et al. (1993).
The larger number of counts obtained in this second exposure
allows a spatial analysis to be performed. The X-ray emission
is found to be point-like at the resolution of the instrument.
Turner et al. report an averaged 0.1 — 2.0keV count-rate of
1.10 + 0.02s~} and obtain an unabsorbed integrated flux of
49% 107" ergs~! cm~2 after a simple power law fitinthe 0.1 -
2.0 keV range, using values for the best fitting parameters which
are only slightly different from that shown above (i.e. T’ = 2.46
and an assumed Galactic absorption of Ny = 8.7 x 100 cm~2,
or Eg_y = 0.12). This indicates that the soft X-ray flux de-
creased by roughly a factor of two from the 1°* to the 2374 of
July, 1992. Although there is some evidence for flux variability

on a time scale of 10 hours, no change is noticeable in the 0.1
- 2.0keV X-ray spectral shape. We shall adopt hereafter the fit
of the mean spectrum and flux level obtained on 1992 July 23.

Two types of fitting have been applied to the PSPC data, (i)
a simple power law fit, which as already mentioned is found to
be unsatisfactory, (ii) a power law plus absorption edge, which
following the models by Yaqoob & Warwick (1991) and Netzer
(1993) arises in highly ionized material (carbon and oxygen)
in the immediate vicinity of the AGN continuum source. This
model provides by far the better fit and therefore we have used
for the secondary WAD date the results from Turner etal. (1993),
with the photon index T fixed at a value of 1.9. The inferred
column density of absorbing cold material along the line of sight
is Ny = 1.08 £0.1 x 10% cm~2, again consistent with the FOS
determination (Paper V and Sect. 1). The best fit to the warm
absorber model yields Ni" = 156*%; x 10%' cm~2. The total
X-ray continuum flux (uncorrected for Galactic absorption) for
this model is 1.6 x 10" ergs~'cm™2 in the 0.1 — 2.0keV
band. The continuum fluxes at 0.1, 1.0, and 2.5 keV are given in
Table 10. Note that for the WAD primary date. we have taken
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the WAD secondary date measurements multiplied by a factor
of 2, following the count-rate comparison at the two dates.
Asdiscussed by Turner et al. (1993), the final fit is quite con-
sistent with previous X-ray results for NGC 3783 from Ginga
and EXOSAT; both of these satellites were also sensitive to
higher-energy X-rays, and in fact the 2 — 10keV spectrum of
NGC 3783 is well fitted by a single power law with the same
spectral index as the 0.1 — 2.5keV spectrum (I" = 1.9) plus
the signatures of the highly ionized warm absorber in the form
of absorption edges. We can therefore with some confidence
extrapolate the fit to the ROSAT data up to at least 10keV.

2.9. Gamma-ray observations

The Compton Gamma Ray Observatory (GRO) spacecraft
(Gehrels et al. 1993) observed NGC 3783 from 1992 June 25
through 1992 July 2. Marginally significant flux was detected
in the 0.05 - 0.15 MeV band by the Oriented Scintillation Spec-
trometer Experiment (OSSE), which covers the energy range
from 0.05 10 10 MeV (Johnson et al. 1993). No significant
flux from NGC 3783 was detected by OSSE at energies above
0.15MeV (cf. Table 9).

The OSSE field of view is approximately 4° x 11°, and non-
source background flux is estimated by viewing 4°.5 to either
side of the source field during the observation. The 4° x 11°
field does allow the possibility of source confusion; however,
based on historical data there are no more probable candidates
in the source field than the AGN in NGC 3783 and in this paper
we will assume that only NGC 3783 is contributing to source
flux in the OSSE field.

A search for high-energy 7-ray emission from NGC 3783
with data from the EGRET all-sky survey has been unsuccessful
(Lin et al. 1993). The EGRET telescope, which is also on board
the GRO satellite, is sensitive to photons in the energy range
20MeV — 30 GeV. For data obtained on 1991 October 17 and
31, Lin et al. (1993) find a 20 upper limit for the NGC 3783
photon flux at E > 100 MeV of 1.2 x 1077 photonscm~25~!,
which is just at the detection threshold of the instrument
(1.0 x 1077 photonscm 2 s~"). The situation is similar for all
the Seyfert | galaxies studied by Lin et al. (a total of 22, most
of them strong X-ray emitters). In their work, Lin et al. suggest
that a spectral break from the hard X-rays to the y-rays may be
a common feature in the energy distribution of such objects.

3. Isolation of the “pure” AGN continuum: systematic cor-
rections to the data

The continuum emission that is generally associated directly
with the AGN phenomenon (the “pure” AGN continuum) is
thought to arise in various physical components that range in
size from ~ 103 to ~ 10'8 cm. The size estimates, which are
generally based on variability arguments, can be understood
within the general framework of the black hole and accretion-
disc model for AGN. From an observational point of view, we
expect therefore the AGN continuum to arise at all wavelengths
from a point-like source.
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Table 9. Gamma-ray fluxes from OSSE

Energy Photon flux Comments
(MeV) (107 ph.cm™?s™ ' MeV™")
0.05-0.15 31+ 11
0.15-0.50 < 0.8 20 upper limit
0.50-1.00 <09 20 upper limit

The various instruments and techniques used in this multi-
wavelength program employ different effective beam sizes in
the different wavebands. This introduces two difficulties. First,
when the field of view of the instrument is larger than the size
of NGC 3783, we shall have to establish that no other source
contributes 1o the observed flux (for example, in the ROSAT
and Voyager data). Second, even if the field of view is small
enough that there is no ambiguity in the source identification, it
must be remembered that the AGN itself is embedded in larger
components, such as the stellar population in the bulge of its
host galaxy: we must carefully estimate the flux in such com-
ponents in order to isolated the “pure” or uncontaminated AGN
spectrum, which we present in Table 10 and Fig. 3.

3.1. Radio emission

The radio flux at 20cm probably includes some continuous
emission from the galactic disc in NGC 3783. At 3.6cm the
observed source is only marginally resolved, while at 2cm it is
still unresolved. Taking into account the beam sizes and compar-
ing the peak and integrated fluxes (Table 2), we conclude that
80% of the 3.6 cm flux and 100% of the 2 cm flux are attributable
to AGN activity. These values are given in Table 10.

3.2. Far IR to mid-IR emission

Following Roche et al. (1991) and Ward et al. (1987), we can
estimate the fraction of the far and mid-IR fluxes directly at-
tributable to the AGN in NGC 3783. Again, these values are
given in Table 10, although they are not contemporaneous with
the WAD data set. This spectral component probably arises from
cool dust close to the central continuum source, but occupying
a far more extended region. It is a matter of debate as to whether
or not the dust component should be considered a genuine part
of the AGN, and we will return to this point in Sect. 4.

3.3. The near-IR emission

The near-IR emission may arise from three sources, (i) the stellar
population surrounding the AGN, (ii) hot dust close to the AGN,
at about 80 light-days from the centre (Glass 1992), and (iii)
the AGN continuous emission source. We shall consider that
components (ii) and (iii) are both part of the AGN, and we
shall apply a correction for the contribution from the stellar
population only.

The stellar contribution in the near IR has been estimated by
Glass (1992), assuming that the stellar population in the central
region of NGC 3783 exhibits infrared colours similar to that of
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a normal galaxy. His procedure yields a galactic flux (before
correcting for reddening) of 27.9 £0.7,37.0 £ 0.6,29.2 £ 0.4,
and 16.3 £ 0.4 mly in the J, H, K, and L bands, respectively.
By subtracting this contribution, we obtain the fluxes given in
Table 10.

3.4. The optical continuum

In low-luminosity AGNs, such as NGC 3783, separation of the
stellar and non-stellar contributions to the optical spectral en-
ergy distribution takes on particular importance because the sur-
face brightness distribution of the stellar contribution is far more
extended than that of the point-like AGN. Thus, the relative con-
tribution of each component to the observed optical spectrum
is a function of both spectrograph entrance aperture geometry
and seeing, and the surface brightness distribution needs to be
known to compare data obtained with different instruments and
under different observing conditions. We have attempted two
different types of analysis to estimate the starlight contamina-
tion of the optical spectra obtained as part of this programme,
and these are described below.

3.4.1. Spectroscopic estimate of the stellar contribution

One method of measuring the starlight contribution to an AGN
spectrum is by determining the dilution of the stellar absorption
features by the featureless AGN continuum. The weakness of
this method is that one must know a priori the undiluted equiv-
alent widths of the galaxian absorption features. We have con-
structed a template galaxian spectrum from the off-nuclear CCD
spectra, and have scaled this spectrum in flux by trial-and-error
until the absorption features vanish in the difference spectrum
obtained by subtracting the scaled extranuclear spectrum from
the nuclear spectrum. The implicit assumption in this method
is that the starlight spectrum does not change drastically with
distance from the centre of the galaxy. The extranuclear spec-
trum was constructed from the long-slit CCD spectra obtained
with the ESO 1.5m telescope. One of these spectra, which cov-
ers the spectral range 4750 — 8200 A, was obtained as part of
this program (Table 5), and another was collected as part of the
NGC 3783 monitoring campaign (Paper VI). The latter spec-
trum, obtained on 1991 December 19, covers the useful spectral
range 3700 - 7000 A. An extranuclear spectrum was constructed
from each of these two-dimensional images by extracting sep-
arately two one-dimensional spectra, the first one centered on
the nucleus and extending 5”.3 in either direction, and the sec-
ond also centered on the nucleus and extending 9.9 in either
direction. The difference spectrum produced by subtracting the
5" 3-wide spectrum from the 9”.9-wide spectrum gives the host
galaxy spectrum (or at least its bulge spectrum) in the range
5510 9”9 (1 to 1.9kpe for Hy= 75 kms~! Mpc™') from the
nucleus. These limits were chosen to maximize the S/N ratio
of the difference spectrum and to remove all of the scattered
broad-line features to better than 1%. Several trials revealed
that smaller inner limits left residual broad-line features in the
difference spectrum. Since the AGN continuum and the broad-
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line emission both arise on scales that are effectively point-like,
the absence of scattered broad lines in the final spectrum also
suggests that the difference spectrum is free of scattered AGN
continuum emission to better than 1%. Similarly, the outer limit
was chosen as a result of several trials in order to achieve the
maximum S/N ratio in the difference spectra.

The difference spectra from the two separate epochs match
extremely well over the region of overlap, and were thus merged
to form a final starlight template.

The starlight contribution to the nuclear spectra was esti-
mated by comparing the equivalent widths of steilar absorption
features, principally the Mg I and MgH b lines in the range 5156
- 5196 A in the nuclear spectrum to those in the extranuclear
spectrum. The difference spectra obtained by subtracting the
scaled extranuclear spectrum from the nuclear spectrum were
also examined carefully to reduce the chances of being mis-
led by the effects of weak emission lines (such as broad Fe Il
features) in the nuclear spectra.

On the basis of this analysis, we conclude that the starlight
contribution to the ESO 3” x 3”3 nuclear spectra is less than
20%, and that the starlight contribution in the CTIO 5” x 10”
nuclear spectra is less than 30%. The latter number in particular
is not very well determined because of the limited S/N ratio
of the data, so we repeated the analysis after forming a higher
S/N average spectrum by combining all of the CTIO spectra
collected during the eight-month NGC 3783 monitoring cam-
paign (Paper VI). The measured continuum level of this average
spectrum at 5 150 A differs from the continuum level of the spec-
trum obtained near the primary WAD date by only a few percent.
The estimated starlight contribution to this average spectrum is
also estimated to be about 30%.

3.4.2. Direct imaging estimate of the stellar contribution

Direct V band imaging of the NGC 3783 field can be used to
obtain a completely independent estimate of the starlight con-
tamination of the optical spectra. In this method, we model
the surface brightness distribution of NGC 3783 as the sum
of an extended galaxian component plus a central unresolved
source which represents the active nucleus. The observed sur-
face brightness distribution of the nucleus alone is thus assumed
to be given by the PSF, which can be readily obtained from stel-
lar images in the same frame.

Separation of the observed surface brightness distribution
was accomplished by modeling the AGN component with
the observed PSF and the starlight component with plausible
seeing-convolved galaxian surface brightness distributions such
as a de Vaucouleurs r'/* law and an exponential disc. This anal-
ysis was complicated only slightly by the fact that NGC 3783
has a barred structure. This analysis turns out to be quite in-
sensitive to the adopted form of the galaxian surface brightness
distribution, and the relative fluxes in the two components are
repeatable to within a few percent.

Once the relative fluxes in the two components have been de-
termined, the relative contribution of the star light in V through
an arbitrary spectrograph aperture can be estimated by compar-



302

ing the results of simulated aperture photometry for the original
image and the AGN-subtracted image. The analysis indicates
that the starlight contribution to the ESO spectrum (3" x 3".3)
is 16%. and the contribution to the CTIO spectrum (5" x 10”)
is 29%. These results depend somewhat on the seeing: as the
seeing worsens, relatively more light is lost from the more con-
centrated components. The magnitude of this effect can be es-
timated by convolving the images with Gaussians to obtain a
broader PSF. The CTIO aperture is large enough to be fairly
insensitive to seeing effects, and the observed starlight frac-
tion increases only to 32% for seeing as poor as 5 (FWHM). In
contrast, the starlight contribution to the ESO spectrum depends
more critically on the seeing because of the smaller aperture. For
the ESO aperture, the starlight fraction increases to 20% for 4"
seeing and to 24% for 5" seeing. The actual seeing conditions
under which the ESO spectrum was obtained can be estimated
from the original two-dimensional spectrum by making use of
the fact that the cross-dispersion profile of a long-slit spectrumis
the monochromatic surface-brightness distribution (Baribaud et
al. 1994). We extracted two cross-dispersion cuts from the two-
dimensional spectrum, one through the wing of the broad H3
feature and one at an adjacent continuum wavelength. Subtrac-
tion of the continuum cut from the HS cut yields the surface
brightness distribution of the broad HZ line, which is the PSF
since the BLR is spatially unresolved. From this analysis, we
estimate that the seeing for the ESO spectrum is about 2".6.
Simulated aperture photometry on the appropriate convolved V
image indicates that the starlight contribution to the observed
spectrum should be around 16%, which is consistent with the
spectroscopic estimate. We have also investigated the possible
effects of miscentering by repeating the imaging analysis with
the simulated aperture centers displaced from the nominal im-
age center by up to 1” to the south and 1" to the west. This was
found to have a very small impact and thus is not considered
further.

The stellar contribution to the optical emission at 5150 A
corresponds t0 4.5 + 0.4x 10~'Sergs™' cm™2 A~! within the
CTIO5" x 10" apertureand 1.5+0.2x 10~'Sergs™' em ™2 A~
within the ESO 3” x 3.3 aperture. These numbers are
respectively 29% and 16% of the measured flux through
the corresponding apertures. Using 29% and 16% of the
5150 A flux in the spectra we would obtain 3.8 + 0.3
and 1.8 £0.1x 10~ ergs~' cm™2 A~! respectively. We con-
sider hereafter the mean values of 4.2 + 0.7 and 1.7 £
0.3x 1075 ergs™' cm™2 A~!. These estimates yield for the nu-
clear flux at 5150 A on the primary WAD date values 0f9.3+0.5
and 8.8 + 1.0x 10~ ergs~'cm~2 A~', as measured in the
ESO spectrum and with the aperture photometry of Table 6,
respectively. They are fully consistent and hence we use their
average value.

The above quantities can be compared to previous estimates.
Kotilainen et al. (1993) have performed a surface brightness
profile decomposition in NGC 3783, which is similar to our
method but based on independent CCD images. Using their
fit in the optical (V band) and an entrance circular aperture of
1”775 radius to simulate the ESO 3" x 3.3 aperture, we derive a
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stellar flux contribution of 2.25x 10~ S ergs~' cm~2 A~!. The
difference between this estimate and ours is probably due 10
both absolute calibration uncertainties and secing losses (which
are not taken into account in this computation). Winkler et al.
(1992) estimate the host galaxy flux through circular 20” and
30" diameter aperturcs to be 1.54x 10~ ergs™'em=2 A~}
and 2.27x 10~ "*ergs~'cm™2 A, in reasonable agreement
with the values obtained by simulated aperture photometry
with our V image, ie. 1.34x 10~ ergs™'cm™?A~! and
2.06x 10~ ergs~' em~2 A",

We can also compare these figures with the amount of light
from the underlying galaxy within threc different apertures (18",
20", and 33"} as inferred by Stirpe et al. (Paper VI) in a com-
pletely independent way. In that paper, the positive offset in
the linear correlation of pairs of quasi-simultaneous fiuxes from
photometric and CTIO spectroscopic data-sets is interpreted as
caused by the underlying galaxy’s higher contribution through
the larger apertures. Adding the galaxy flux that contaminates
the spectra to the mean offsets, we obtain the stellar flux through
the photometric aperture. This method yields 1.312 + 0.084,
1.42140.077 and 2.114 £0.065x 10~ ergs~' ecm™2 A~ for
the three apertures. Measuring the same quantity in the de-
convolved V frame we get (quoting the 6% of uncertainty in
the absolute flux scale): 1.239 + 0.074, 1.343 + 0.081, and
2.34+0.14x 10" ergs~! cm™2 A=, in fairly good agreement
with the above results.

The galaxian V flux through the 12" aperture used in the
near IR observations, as measured in our CCD image, is 8.15
mly (8.09x 10~ ¥ ergs~' em~2 A=1). This, together with the
results from the previous subsection, gives an V-K color for
the underlying galaxy of 3.3 £ 0.2 or 3.0 & 0.3 after redden-
ing correction, compatible with the “standard” value for normal
galaxies of 3.22 £ 0.10 (Glass 1984).

3.5. Ultraviolet emission
3.5.1. The “small bump” contribution

The 2680 — 2720 A window is quite sensitive to the Fe Il and
Balmer continuum contributions, which together comprise a
strong emission blend known as the “small bump.” In Paper V,
the 2000 — 3000 A spectral range was modeled with a synthetic
blend of Fe II emission lines and an underlying power law con-
linuum which is normalized by the values of Fpy2700 given in
Table 7. This model does not, however, include a contribution
from the Balmer continuum, and we have therefore considered
whether or not this leads to a significant overestimate of the
continuum flux at 2700 A. We have compared the results shown
here with a fit to a mean UV-optical spectrum of the nucleus
in NGC 3783, averaged over a ~10-year period (using the IUE
observations of NGC 3783 obtained between 1978 and 1985
and a number of optical spectra obtained at ESO during the
same period, though not simultancously). The procedure fol-
lowed is similar to that described in Wamsteker et al. (1990),
and employs synthetic spectra from Wills et al. (1985). In the
time-averaged spectrum, the Fe Il and Balmer continuum con-
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tributed together ~35% of the total 2700 A flux (Santos-Lled &
Alloin 1995). The results of the “small bump” decomposition
of Paper V, shown in Table 7, suggest that the Fe I contributes
~33% to the observed flux at 2700 A. These two values are in
rather close agreement, and although the relative contributions
of Fe Il and Balmer are unclear, consistent results for the rel-
ative strength of the underlying power law are obtained. We
shall therefore assume that the values of Fprao in Table 7
are indeed reasonably good estimates of the nuclear continuum
emission. The 1835 A window contains also a contribution from
the “small bump” which has been estimated to be ~9% of the
observed flux Figis (Santos-Lled & Alloin 1995). A constant
contribution of 0.99 mly (after correction for reddening) has
therefore been subtracted from the values reported in Table 7 to
account for “small bump” contamination of the 1835 A window.

3.5.2. Estimate of the UV stellar contribution

The 10” x 20" entrance aperture of the IUE instruments
projects to a 2kpc x 4 kpc region at the centre of NGC 3783
(H, =75kms~' Mpc~'). Therefore, the IUE flux may include
some stellar contribution from the bulge of the galaxy.

The galaxy is of an SBa type, corresponding to group S1 in
Bica’s (1988) analysis of the stellar populations in the central
regions of normal galaxies. In group S, the fit of the stellar
composite spectrum from 3700 to 10000 A indicates that there
is no population with an age less than 10? years. Hence, there
should be no flux contribution over the [UE wavelength region
from the bulge stellar population of NGC 3783.

However, the bulge population of NGC 3783 might be dif-
ferent from that of a normal galaxy with the same galaxy type if,
for example, recent star forming activity has been taking place
close to the AGN. In such a case, we would expect to see signs of
this activity in the long-slit spectroscopic data obtained at ESO
or in the V band image obtained at CTIO (Sect 2.4). However,
these data show no evidence for recent nuclear star formation,
and we therefore conclude that there is likely no contribution
from a very young stellar component in the uitraviolet data.

There is also the possibility that the bulge stellar popula-
tion has a UV turn-up, as in the nuclear stellar population of
some elliptical galaxies, regardless of whether it might be an
age or metallicity effect. As discussed, for example, by Bica
& Alloin (1988), the UV flux of such a population could be
as large as F5(1500A) = 0.25F,(5870A). As we discussed
above, the stellar contribution at ~ 5150 A to the CTIO data
(5" x 10 entrance aperture) s less than 30% of the total, or about
45 + 0.4x10~"Sergs™' cm~2A~'. With the ultraviolet-to-
visible flux ratio given above, this would result in a contribution
in the ultraviolet less than 1.12 £0.1x 10~ ¥ ergs™' em=2 A~
at 1460 A. The IUE entrance diaphragm is indeed larger (10" x
20”) than that used in the CTIO observations, but the UV turn-
up has been detected only in the central regions of elliptical
galaxies. There is no strong support for a UV turn-up in the
extranuclear regions. In conclusion, we estimate that a possible
UV turn-up would not contribute more than 2% of the measured
IUE flux.

Finally, another estimate of the possible ultraviolet contribu-
tion from the stellar population in NGC 3783 was performed by
scaling an IUE plus ground-based spectrum of M 32 to the opti-
cal spectrum of Bica's (1988) group S1 (Santos-Lle6 & Alloin
1995). Again, we find that the stellar contribution is negligible
(< 0.5% at 2700 A) in the IUE NGC 3783 spectra.

3.6. Far ultraviolet emission

The FOV of the Voyager instrument is rather large (0°1 x 0°8)
and, in addition, the orientation of this aperture on the sky
changes during the observation. However, the NGC 3783 spec-
trum we use was extracted when the target was near the centre
of the FOV, with a slit position angle around 45°.

We have carefully searched for other likely contributors to
the ultraviolet flux in the FOV, either reddened O stars with
a V magnitude less than 10.9 or white dwarfs with a V mag-
nitude less than 16. From the catalogue of O stars by Klare
& Szeidl (1966), we find no possible contributor in the FOV.
This is not surprising as NGC 3783 is at Galactic latitude 23°,
high above the Galactic plane. We have also searched for pos-
sible white dwarfs in this FOV by examining the catalogues of
Luyten (1977), which is complete to 19 mag, and of Agayev
et al. (1982), which is complete to 17 mag. In neither of these
do we find possible white dwarfs that might contaminate the
NGC 3783 Voyager flux measurement. There is however a stel-
lar source fairly close to NGC 3783, it is the star HD 101274
(2000 = 11"39™06° and 3000 = —37°45'13", note that for
NGC 3783 Q2000 = 11h39m025 and 61950 = —37044118”). It is
an AOV type star with magnitudes my=9.3 and mg=9.3. In prin-
ciple, neither far UV nor X-ray emission is expected from such
type of stars. In addition, a search was made in the ROSAT wide
field camera survey for sources in the Voyager error box. The
nearest one found is 7° away from the error box centre. Thus,
we find no obvious contaminating source in the field.

3.7. Soft X-ray emission

The spatial resolution of the PCSP experiment is sufficiently
small, 25" on axis, that there is no uncertainty in the source
identification. We disregard the possible occurrence of stellar
X-ray contributors in the vicinity of the nucleus of NGC 3783
since such sources are likely to be intrinsically much fainter
than the AGN itself.

4, Discussion and concluding remarks
4.1. The “pure” AGN spectral energy distribution

The “pure” AGN spectral energy distribution in NGC 3783 is
shown in Fig. 3, based on the corrected fluxes given in Table 10.
This figure comprises data obtained during both the primary and
secondary WAD dates — one month apart — and previously
published measurements of the far IR. From the IUE moni-
toring program (Paper V), we know that the UV flux on the
secondary WAD date was ~20% higher than on the primary
date. In the context of the broad wavelength coverage of the
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WAD campaign, this constitutes a small variation which does
not change considerably the interpretation of the overall energy
distribution.

In the UV, we observe a surprisingly large flux increase be-
tween 1460 A (from TUE) and 1100 A (from Voyager 2). The
IUE points in Fig. 3 represent the observed fluxes on the pri-
mary and secondary WAD dates, while the Voyager estimate
corresponds to a continuous integration of 14 days (1992 July
13 = 27). The mean 1460 A IUE flux, sampled every 2 days
in the IUE monitoring program (Paper V), over the time of
the Voyager integration is 5.2 £ 0.3x 10~ *ergs™ em =2 A~
(1.30 + 0.08x 10" Pergs~!cm~2A~" after correcting for
Galactic absorption); the 1083A Voyager flux reported
in Table 8, corrected for Galactic absorption, is 1.8 *
0.3x 10~ 2ergs~'em™2 A~', still a factor 14 £ 3 larger than
the IUE 1460 A flux.

Is it possible that the large difference between the IUE and
Voyager fluxes is real and attributable to source variability? One
possible explanation that we regard as very unlikely given the
past variability history of NGC 3783 (e.g. Paper V and refer-
ences cited therein) is that a few very intense and brief (less
than 2 days) continuum outbursts occurred in between consec-
utive NGC 3783 IUE observations and therefore not detected
by IUE but nevertheless accumulated in the Voyager integrated
spectrum. Another possibility is that the 1083 A continuum is
varying out of phase with the 1460 A continuum, but this is ex-
ceedingly unlikely as we surely would have seen the signature
of such an occurrence in the IUE spectra, which can be traced
accurately to wavelengths as short as ~ 1150 A

The absolute calibrations for both experiments have been
checked carefully with flux standards. A Voyager UVS flux cal-
ibration problem for very faint objects can also be excluded as
observations of faint white dwarfs and cataclysmic variables
show no evidence for such an effect; the Voyager calibration
matches that of IUE down 1o the detection limit of the instru-
ment.

We have already excluded obvious contamination by fore-
ground objects to the large-aperture Voyager data (Sect. 3.6).
However, the possibilities of either an unknown companion to
a brighter star or a spectral misclassification of an O or a B star
to late-B still remain. Also, there have been rare instances in
the past when an unusual reflection off the walls of the UVS in-
strument mimics a faint star, but usually these events are much
shorter than 14 days. Given the lack of viability of the various
possibilities that we have considered, the most likely explana-
tion for the discrepancy between the IUE and Voyager results is
that there is an unknown source in the much larger field-of-view
of the Voyager instrument that greatly dominates the flux from
NGC 3783 in the far-UV band.

4.2. The AGN related components

Although we do not yet have a clear picture of the interrelation
between all the processes at work in an AGN, we know that
the physics must be quite complicated. It is not even obvious
what physical components are genuinely associated with the
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AGN itself or how they will manifest themselves in the spectral
energy distribution. A complete and consistent description of the
AGN phenomenon remains to be worked out. In the following,
we shall consider the family of AGN models involving a central
massive black hole surrounded by an accretion disc.

In addition to emission that is directly attributable to the
accretion process, we also identify as “related components” in-
duced effects such as heated dust in the vicinity of the AGN
(whose obvious spectral signature is discussed in Sect. 4.3.2)
and X-ray heated winds, which might also produce absorp-
tion features in the AGN spectrum. Under appropriate physical
conditions, the warm absorber necessary to match the ROSAT
soft X-ray spectrum of NGC 3783 can be plausibly associ-
ated with the UV absorption lines visible in the FOS spec-
trum. The blue shifts of the lines suggest outflow velocities
of 600 to 700kms™"', comparable to the X-ray heated wind in
NGC 1068 (Krolik & Begelman 1986). A similar wind may
be the source of the warm absorbing material in NGC 3783.
For the specific model discussed by Turner et al. (1993) (T =
105 K, Ni#™ = 1.56 x 10¥ cm~2, and log U = 1.45), column
densities for HI and CIV are predicted to be 1.3 x 10'cm—2
and 8.4 x 10" cm~2, respectively. This is sufficient to produce
the 0.8 A equivalent width Lya line, but it cannot account for
the comparably strong CIV feature. However, if the wind starts
out hotter and more highly ionized, the outer portions of the
wind may achieve more commensurate columns in hydrogen
and lower ionization species such as C IV as it cools. Testing this
hypothesis will require more complete modeling of the warm
absorber.

4.3. Decomposition of the overall energy distribution

Above radio frequencies, the spectral energy distribution of the
AGN in NGC 3783 is nearly flat in the log v F,, vs. log v plane,
as is typical of radio-quiet AGNs. In the high-energy domain,
the 0.1 MeV fiux is approximately what would be expected from
simple extrapolation of the X-rays. Unfortunately, the 20 upper
limits on the more energetic y-ray fluxes do not allow further
constraints to be set. In particular, it is still uncertain whether or
not the flat spectral energy distribution breaks down for energies
above ~ 0.1 MeV. In the absence of any meaningful constraints,
we will proceed with this discussion assuming a high-energy
(0.1 MeV to 0.1 keV) photon distribution which is characterized
by a power law F,, oc v~ of index ov &~ 1. We note that even
the 100 MeV flux upper limit (~ 8 x 1078 mJy, Sect. 2.9) lies
above the extrapolation of the & = 1 power law at this energy (~
2 x 107 mJy). We also note in passing that the OSSE composite
Seyfert spectrum created from the sum of 26 observations of 15
of the weaker «-ray detected Seyferts indicates a mean y-ray
spectrum that is softer than that seen in the X-rays. The best
fit to it is obtained by simple exponential with e-folding energy
of 46 keV, which is consistent with no detection of any Seyfert
nuclei at higher v-ray frequencies (Johnson et al. 1994).

In attempting to fit the observed spectral energy distribution
over a broader wavelength range (from ~-ray to infrared wave-
lengths), we consider two distinct spectral decompositions. In
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Table 10. The “pure” AGN spectral energy distribution of NGC 3783

Primary Date

Secondary Date

Frequency X or Energy F.(obs) F,(cor)'® F. (obs) F.(cor)®  Comments
(Hz) (mly) (mly) (mly) (mly)

1.50 10° 20cm 37.9 £ 0.3° . Size 18” x 117, partially resolved
8.44 10° 3.6cm 68110

1.50 10° 2cm 2.49 + 0.15

1.2010" 25 um 1740 + 100 5" Ward et al. 1987
1.50 10" 20 um 1240 + 250 5", Frogel et al. 1982
2.5010" 12 um 689 £ 40 4”2, Roche et al. 1991
3.0010" 10 2m 400 £36 5", Frogel et al. 1982
8.8210" 3.4 pum 129 + 7 130 £ 7 124 +7 125+ 7

1.36 10" 22um 61 +3 63+3 60 £ 3 6243

1.82 10" 1.65 um 39+3 41 £3 3543 37+£3

2.40 10" 1.25 pm 26+ 2 2942 2342 25+2

5.83 10" 5150 A 80+ 1.0 1171 8.6+ 1 127+ 1

1.1110% 2700 A© 7.58 + 0.46 10.3£1.6 8.94+0.29 122+1.4

1.63 10" 1835A° 4754012 1041+029  5.60£0.15  12.59+0.35

2.0510"7 1460 A 343 +£009  8.58+0.23 4214011 10.51+0.28

2.1910% 1368 A e . 392+032 1024083

2.26 10" 1328 A 346 £022  9.31+0.60

2.56 10" 1173 A 3.04 £ 0.77 97+24

2.77 10% 1083 A 184 +3.1 69+ 12

3.1210% 963 A 53+125 26 + 12

2.4710' 0.1 keV e e ~0. 0.0964%¢

2.4710" 1.0keV 4107/ 521073/ 207107%¢ 2621073 ¢

6.2210" 2.5keV 710734 7510737 3671077 37510774

2.42 10" 0.1 MeV 2.1+0.7107*

¢ Flux corrected for absorption by the interstellar medium in the Galaxy

b Not “pure” AGN, includes flux from the host galaxy

¢ B, (cor) has also been corrected for Fe Il and Balmer continuum emission

4 Flux uncorrected for the warm absorber contribution
¢ Flux on July 23, close to WAD secondary date

f Flux on the WAD primary date, as the flux on July 23 scaled according to the count-rate comparison (Sect. 2.8)

the first case, we extrapolate the X-ray based power law to lower
energies and fit the spectrum after removal of the underlying
power law. In the second case, we restrict the power-law com-
ponent to the high-energy window. In both cases, two “bumps”
appear, one in the UV (the “big blue bump”) and one in the in-
frared, while the optical continuum point is almost at the level of
the o = | power-law extrapolation. The interpretation of these
two bumps is not unambiguous and is beyond the scope of this
paper (see for a brief review Shields & Peterson 1994). There-
fore, in the following we present the results of comparing with
a simple and commonly considered model, but without critical
evaluation. In this model, the UV bump is interpreted as thermal
emission from the accretion disc that is thought to surround a
central massive black hole. The IR bump is considered to be
re-radiation of UV flux absorbed by hot dust grains.

4.3.1. Power law plus thermal emission over the UV to mid-IR

We consider the UV bump to extend from 5150 A up to the
soft X-ray region at 0.1 keV. We attempt to fit a geometrically

thin, optically thick accretion disc spectrum, computed in the
Schwarzschild metric as a sum of blackbody spectra with full
relativistic corrections (Lee et al. 1992). We sum the contribu-
tions from all annuli between 6 and 500 gravitational radii. We
fit the model to the data obtained on the WAD secondary ob-
servation date using the data points from 1170 to 5150 A. Free
parameters in the fit are the power law normalization, the mass
of the central black hole, and the accretion rate. The power-
law spectral index is fixed at a = 1.0. For a face-on disc (in-
clination of 0°) we find Mgy = 2.0 x 10’ Mg and an ac-
cretion rate of 0.015Mgyr~'. For a disc at an inclination of
60° we find Mgy = 3.6 x 10’Mg and an accretion rate of
0.023 Mg yr~!. We can also consider the case of a face-on Kerr
accretion disc. The power-law index is again fixed to a value
of unity and its normalization is chosen to give a good match
around the 5150A point and at slightly longer wavelengths
where the disc contribution drops. The results for this model
are Mgy =2.5 % 107M@, accretion rate 0.019 M@yr“ and a
power-law flux at v = 5.5x 10" Hzof 1.02x 103 ergs~' Hz ™"
Figure 4 shows the results of the fit. In this approximation, the
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Fig. 3. The spectral energy distribution, corrected for absorption by neutral H in the line of sight, of the active nucleus in NGC 3783. Open
circles represent data taken on 1992 June 29 - 30 (primary WAD date). Filled squares show data from 1992 July 27 — 28 (secondary WAD
date). Stars are used for fluxes measured at earlier epochs (mid-IR points and high energy ~y-ray point) or based on extrapolation (the hard X-ray
points). The soft X-rays are represented by the fit to the data obtained close to the secondary WAD date (dotied line) and by a scaled similar
model for the WAD primary date (continuous line), as explained in Sect 2.8. The optical-UV and X-rays domains have been enlarged in the

lower frames

power law accounts for most of the optical nuclear flux, thus
requiring the remaining blue bump to be very hot. Thus the
highest disc temperatures are about 280,000 K. It must be noted
that the optical-UV spectrum in NGC 3783, after the redden-
ing correction, is rather flat (or blue), requiring high inner disc
temperatures. This condition would have been relaxed, how-
ever, if we had fitted an extreme Kerr disc viewed at a fairly
high inclination angle, in which case the accretion rate could
be well below the Eddington rate, but the spectrum would be
strongly blueshifted. Sun & Malkan (1989) give the exact for-
mula for how the fitted black hole mass would have increased
if the assumed inclination were increased from zero. An inde-
pendent set of parameters has been derived by Rokaki et al.
(1992) using another accretion disc model. They obtain, from a
fit of the broad Har and H protfiles and intensities and the UV
continuum in NGC 3783 with emission from an accretion disc,
i=25° Mgy =6 x 10"Mg, and two different values for the
accretion rate depending on the assumed disc luminosity (either
0.028 or 0.009 M yr ).

Various accretion disc models lead to values of the black
hole mass and accretion rate in NGC 3783 which are of the
same order of magnitude. However, one should keep in mind
the more fundamental limitations of the accretion disc modeling
for AGN (Courvoisier & Clavel 1991)

Inthe near IR, the excess flux above the a = 1 power law can
be interpreted as a superposition of blackbody components aris-
ing in dust. The dust temperature ranges downward 1500K (the
average sublimation temperature of graphite and silicates) at a
distance r = 80 — 90light days, derived from variability argu-
ments (Glass 1992). After subtraction of the underlying power-
law flux, the residual 2.2 um flux is ~34 mJy, and following
Glass (1992) and Barvainis (1987), the total mass of hot grains
emitting in the near IR can be estimated as ~ 1.4 x 1073 Mg.
We can also tentatively estimate the mass of cooler dust which
would explain the flux excess observed from 10 to 25 um, again
following Barvainis (1987). The properties of cool grains could
be quite different from those of the hot grains radiating in the
near IR, but as a first approximation, we assume that they have
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Fig. 4. The mid-IR to soft X-ray spectral energy distribution of
NGC 3783. The continuous line is the sum of the Kerr accretion disc
model plus the & = | power law fitted to the mid and near IR, optical,
UV and soft X-ray data points (see text; the Voyager points have been
ignored). The straight line in the soft X-ray region is plotted to show
where the high frequency power law is located

similar properties. The temperature of a blackbody that peaks at
~ 25 um in F,, is ~ 200 K. At this temperature, the emissivity
per grain is about 2.7 x 10" erg s™' Hz ™' at 25 um (Barvainis
1987). The observed flux at this frequency (after subtraction of
the assumed underlying power law flux) is ~1420mJy, which
requires a total mass in grains of ~56 M. The grain temper-
ature decreases with the distance to the UV emitting source
as T o r~2/56 assuming that the dust optical depth to the
UV radiation remains constant. By combining this radial tem-
perature dependence with the results from Glass (1992) that
indicate that the warm (7" = 1500 K) dust lies at a distance
of r & 85 light days, we estimate that emission from the cool
(T = 200 K) grains arises at a distance from the central source
r &~ 6.6 x 10" cm (i.e., 21 pc, with a corresponding angular
size of 0”1 at the distance of NGC 3783).

4.3.2. Power law in the high energy domain, plus pure thermal
UV to mid-IR emission

As an alternative, we consider the case where the X-ray power
law does not extend to the optical and where the continuum
emission in the UV and the IR is entirely of a thermal origin.
The IR is again attributed to thermal dust re-radiation, and can be
approximated by the analytic formula L, p=07g=v/(0"HD),
as discussed by Malkan (1992). In this case, the accretion disc
must produce all of the optical and UV continuum flux. This
can be done with approximately the same accretion rate as in
the previous Kerr model (0.019 Mpyr~'), butalarger black hole
mass (Mg =5 x 107M@) so that the innermost temperature
is only about 210,000 K. In this case, the extension of the disc
falls slightly below the observed 0.1 keV flux. The results are
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Fig. 5. The mid-IR to soft X-ray spectral energy distribution of
NGC 3783. The continuous line represents the sum of the Kerr ac-
cretion disc model and heated dust emission fitted to the mid-and near
IR, optical and UV data points (see text; the Voyager points have been
ignored)

shown in Fig. 5. Since in this model the disc must produce all
of the optical and UV flux, the model is much more tightly
constrained than in the previous case considered. However, this
simple thermal model for the accretion disc and dust component
fails to explain by itself the origin of the hard X-rays and y-rays.

This first-order exercise of fitting the spectral energy dis-
tribution of the AGN in NGC 3783 should be regarded as an
illustration of the difficulty of the task, and of the uncertainties
inherent to it. Complete and consistent modeling of the phe-
nonemon is beyond the scope of this study and should incorpo-
rate as well constraints derived from the variability properties
of the AGN (Paper V and Paper VI).

4.3.3. Concluding remarks

To first order, the nuclear spectral energy distribution of
NGC 3783 is flat. If the o = | power law that describes the
high-energy domain (0.1 MeV - 0.1 keV) is extended into the
UV and mid-IR domain, then there appear an excess of UV
emission and also an excess of mid- to near-IR flux. The UV
bump can be attributed to thermal emission from an accretion
disc. The mass of the implied central black hole (~ 3x 10" M)
and the disc accretion rate (~ 0.02 Mg yr~') can be inferred by
comparison with theoretical models of optically thick and ge-
ometrically thin discs. These are, of course, highly simplified
models which in fact face severe problems when variability con-
straints are imposed. Modified or completely different scenarios
(e.g., optically thin thermal emission) have been suggested to
explain the UV bump. The results presented here thus should be
considered as illustrative, and valid only within the context of
the models in which they are derived. The IR bump is consistent
with the presence of a dust component in the region extending
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from 80 light days up to 60 light years away from the central
engine, with temperatures in the range 1500 to 200 K. The total
mass of dust required to explain the IR bump is ~ 60 M. If the
o = | X-ray power law cannot be extrapolated to longer wave-
lengths, both the UV and IR bumps can still be explained in
terms of an accretion disc and dust components, but with larger
black hole mass and dust content.
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