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ABSTRACT

We present the results of HST observations of Mrk 78, a Seyfert 2 galaxy. Observations were taken with
the Faint Object Camera using the F550M, F502M (which includes the [O nr] 414959, 5007 emission lines),
and F130M filters. These are medium band filters centered at 5500, 5020, and 1300 A, respectively. The [O mi]
image shows a biconical shape with a full opening angle of 40°, elongated in the direction of the radio struc-
ture, with its apex approximately coincident with the center of both the radio and optical continuum. A
resolved (078 in extent) obscuring region is present close to the center of the cone. The UV image confirms the
result that emission from the nucleus is not seen directly. Our results provide a strong observational support
for the “occultation/reflection” model for Seyfert 2 galaxies. We discuss the relation between radio and
emission-line regions and propose a pure photoionization origin for the [O nr] emission. Finally, we test the
occultation model by comparing our observations with the IRAS data: a strongly anisotropic nuclear source
is required to meet the energy requirement derived from the analysis of the far-infrared emission.

Subject headings: galaxies: individual (Markarian 78) — galaxies: nuclei — galaxies: Seyfert —

ultraviolet: galaxies

1. INTRODUCTION

The study of polarized flux spectra has shown that at least
some Seyfert 2 galaxies contain a hidden Seyfert 1 nucleus
(Antonucci & Miller 1985; Miller & Goodrich 1990). It is
thought that obscuring material, in the form of a thick obscur-
ing torus, is oriented in a direction perpendicular to the radio
emission: the structure of the torus allows photons generated
in the central source to escape only along a cone aligned with
the radio axis, providing also a common origin for the colli-
mation of the relativistic plasma and the ultraviolet ionizing
flux.

The anisotropy of the ionizing radiation is confirmed by the
studies of Wilson, Baldwin, & Ulvestad (1985), Baldwin,
Wilson, & Whittle (1987), Wilson, Ward, & Haniff (1988), and
Kinney et al. (1991): the observed continuum cannot account
for the number of recombination photons, suggesting that the
ionizing continuum sources are not seen directly. The biconical
structure of the emission-line region expected in this frame-
work has been observed directly in a number of different
sources, for example, by Tadhunter & Tsvetanov (1989), Pogge
(1989), Evans et al. (1991), and Colina, Sparks, & Macchetto
(1991). This overall picture is known as the “occultation/
reflection ” model for Seyfert 2 galaxies.

The mechanism responsible for ionizing the [O 1] emitting
gas is not fully understood, but the observed emission-line
ratios are well explained by photoionization from a compact
central source (Koski 1978) on gas clouds with densities
ranging between 10 and 107 cm™3. But contributions from
shock heating or relativistic electrons can also play a role. In
fact, Haniff, Wilson, & Ward (1988) found that, on a sample of
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10 Seyfert galaxies which show an extended structure at radio
wavelengths, the [O 11] emission is always aligned within a few
degrees to the radio axis, suggesting a connection between the
relativistic and thermal gas. Pedlar et al. (1989) suggested that
this association can be explained by radio-emitting com-
ponents moving at 500 km s~ ! compressing and heating inter-
stellar gas through shock waves. It is therefore of great interest
to investigate the relation between radio and optical emission-
line regions in Seyfert 2 galaxies.

The high spatial resolution attainable with the HST Faint
Object Camera offers a unique possibility to carry out detailed
observations of the emission-line region and to investigate the
gas morphology very close to the nucleus. As part of a program
to investigate the nature of the emission-line region in Seyfert
galaxies we have observed the Seyfert 2 galaxy Mrk 78, which
has an extended narrow line emission region (NLR) with a
double structure (Whittle et al. 1988).

Since the radio-emitting region is embedded within the
NLR, it is essential to study their relationship to obtain a
better understanding of both: our observations have produced
images with a resolution similar to the VLA radio maps,
making this comparison straightforward.

Details of the observations are given in § 2; the results are
presented in § 3 and discussed in § 4. Summary and conclu-
sions can be found in § 5. Throughout this paper we adopt
Hy, =50 km s~ Mpc™!. At a redshift z = 0.0386 Mrk 78 is
at a distance of 231 h;¢ Mpc, where 071 corresponds to 110
hso pe.

2. OBSERVATIONS AND DATA REDUCTION

The observations were obtained with the Faint Object
Camera (FOC) on 1992 September 19, in the £/96, 512 x 512
mode (Paresce 1992); the pixel size is 07022 corresponding to a
field of view of 11” x 11”. We used F130M, F502M, and
F550M medium band filters with nominal exposure times
of 3600 s for F130M and 1800 s for F502M and F550M.
The F502M filter includes the redshifted [O ] 114959, 5007
emission.
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The images were processed to correct for geometric distor-
tion using the grid of regularly spaced reseaux marks on the
detector photocathode; the data frames were then divided by
normalized and geometrically corrected internal flat-field
frames.

The redshifted wavelength of [O m] 15007 for Mrk 78 is
5200 A; the detector quantum efficiency of the F550M filter at
this wavelength is 2.0 x 1073, compared with 1.2 x 10”2 for
the F502M filter. Thus the F550M image does not contain any
significant contribution from the emission line and can be used
as a true measure of the continuum.

In order to subtract the continuum contribution from the
F502M image we used the spectral information obtained by
Kinney et al. (1991), obtained with a large aperture (15”) spec-
trograph. A power-law continuum (F; = kA%) was fitted to the
spectrum, with a resulting f = 1.97 + 0.20. We then scaled the
F550M continuum image to the F502M image using the
known filter transmission curves taking into account the shape
of the observed spectrum as just described. The scale factor
obtained in this way is 0.82 + 0.02. From both images we also
subtract a constant background level determined by inte-
grating in a region far from the source, and we then subtracted
the scaled FS50M image from the F502M image to obtain the
image of the [O n1] line emission alone.

We deconvolved the F502M and F550M images using
Lucy’s (1974) iterative algorithm and point-spread functions
derived from the observations of the standard star BPM 16274.
Convergence was achieved in 40 iterations.

3. RESULTS

Deconvolved images in the F502M and F550M filters are
shown in Figures la and 1b (Plates 2 and 3), respectively. In
the F502M image, which includes the [O 1] line, the emission
extends over 3”5 x 670 at the 3 ¢ level. This is comparable to
the size observed in [O 1] by Haniff et al. (1988) from the
ground and allows us to use their image as a reference to
determine the absolute position of our data.

Two regions of high luminosity within a fainter extended
halo are seen in our data; they are located east and west of the
galaxy’s center and show smaller scale structures. The halo is
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more extended toward the west. In this region it has several
bright knots and two bright arcs.

The total flux density in the F502M filter was computed
using the internal calibration of the FOC: we obtained a flux of
4.09 x 10715 h;2ergsem~2s 1AL,

The F550M image structure is similar to the F502M image,
but the halo is less clearly visible due to the lower signal-to-
noise in this 1mage The integrated flux is 2.98 x 10713 hyf
ergscm 25 1AL

Using the same correction for the shape of the continuum
used to obtain the [O 1] 1mage we derive a total [O 1]
emission of 2.63 x 1073 h;?ergscm 2571,

As discussed in § 2, we have also derived an [O 1] image,
shown in Figure 2. The main features in this image are the two
bright regions already seen in the F502M image, showing a
clear biconical shape.

In Figure 3 we show cross cuts 325 pixels wide (771) taken
along the cone axis of the F502M, F550M, and [O m1] images;
the western component is seen to be compact, but also fully
resolved.

The cone has a full opening angle of 40° + 5°, and its axis is
at a position angle of 67° + 2° from the north. The central
region of the cone is completely obscured in an area of 0°8 in
size along the E-W direction and displaced from the center of
the cone by 072.

Due to the low surface brightness and complex geometry of
the extended halo we cannot determine accurately its position
angle, but it appears to be well aligned with the cone.

The F130M filter, which includes Lya, showed no emission
from either the nucleus or the diffuse halo. The upper limit for
the nucleus flux density can be estimated as 3.23 x 1077 ergs

ecm~2s7 1 A~ corresponding to a 6.6 x 10° ergss ! Hz .

4. DISCUSSION

4.1. The [O ur] Emission-Line Region

For Mrk 78 Whittle et al. (1988) measured in the [O 1]
25007 line a total flux of 6.31 x 107 *3h 2 ergscm™%s 'anda
flux of 1.91 x 1073 b ergs cm~2 s~ ! for the east and west
compact components combined. We obtained a total flux in
the [O m] 414959, 5007 emission lines of 2.63 x 1073 h;f
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Fi6. 2—Contour plot of the [O 1] emission-line region of Mrk 78. Contours levels are at 20%, 25%, 30%, 35%, 40%, 50%, 60%, 80% of the peak.

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


http://adsabs.harvard.edu/abs/1994ApJ...421...87C

PLATE 2

FiG. la
F1G. 1.—Deconvolved images of Mrk 78 in the FS02M (a) and F550M (b) filters. North is at top and east to the left. The field of view is 5”5 x 5”5.
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FiG. 3.—Cross cuts along the cone axis (P.A. +67°) of the F502M (a),
F550M (b), and [O mi] (c) images. The scale is in pixels (07022); fluxes are in
arbitrary units.

ergs cm~ 2 s~ 1. Since the ratio between the two oxygen lines is

1:3 our total flux in the [O 1] 45007 line alone is 1.98 x 10~13
hsg ergs cm™2 s~ !, We expect our result to fall between the
two values measured by Whittle et al. since the relatively low
signal-to-noise and high spatial resolution of the HST obser-
vations render them insensitive to the faint extended emission,
and we expect to miss some of the diffuse flux from the halo.

In our observations the two bright components are of a
comparable intensity, and this result differs from the observa-
tions of Haniff et al. (1988) who found a strong asymmetry,
with the east component being the brighter. As noted by those
authors, since the west component is blueshifted (De Robertis
1987) with respect to the overall galaxy velocity, the corre-
sponding [O m1] wavelength falls in a region of lower instru-
mental transmission than the east component, and this
produces the apparent difference in intensity. This effect is not
important in our data since the transmission difference for the
two components is smaller than 3%.
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The biconical structure observed in our [O 1] image (Fig. 2)
strongly suggests that the origin of the ionization is a central
and compact source whose emission is restricted to a well-
defined solid angle by a parsec-size thick accretion torus; the
cone opening angle is o = 40° 4 5°. This allows us to use the
apex of the cone as a reference for position since we expect this
point to be coincident with the central ionizing source.

An interesting feature is the obscured region at the cone
apex: its angular size is 0”8 (corresponding to 900 k3! pc) in
the direction perpendicular to the cone axis. From Figure 3, it
is evident that the emission seen in F502M between the E and
W component is due to continuum radiation: this region
shows a “normal” continuum intensity profile with the
maximum emission falling in the [O 1] obscured region; on
the other hand no emission was detected in the UV (1300 A)
observation. These results clearly suggest the geometry of this
region; obscuring material prevents the UV emission from the
central ionizing source to escape along the line of sight; the
same thing happens to any [O 111] emission from the innermost
gas. The continuum (starlight) emission on the other hand
comes from an external region, and it is not affected by the
nuclear obscuring material.

The large size of the [O m1] obscured region, 900 k3 pc,
suggests that absorbing material (i.e., dust) is required on a
much larger scale in addition to the torus (few parsecs size)
obscuring the Seyfert 2 nucleus. The geometry of the obscuring
material must be related to, or even determined by, the central
torus, since otherwise we would require two different obscur-
ation mechanisms, one for the nuclear ionizing source and the
other for the central region. For example, the anisotropic emis-
sion from the nuclear source can evaporate the dust only along
the cone defined by the torus; alternatively the pressure of the
nuclear radiation can accelerate the dust away from the
nucleus, producing an overall outflow of dust and gas within
the cone. Also the radio-emitting plasma can clear a channel
along its path: this interpretation is favored by the study of
Pogge (1989) who found a strong correlation between the pres-
ence of extended radio and [O mi] emission. This scenario
would require a close alignment between the radio and optical
emission which, as we discuss in the following, is not observed
for Mrk 78.

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


http://adsabs.harvard.edu/abs/1994ApJ...421...87C

90 CAPETTI ET AL.

The asymmetry of the obscuring region with respect to the
cone’s apex (and thus to the central source) can be explained
even in a symmetrical geometry for the central region: if the
angle f§ between the projection of the cone axis on the sky and
the line of sight is not 90°, it will shadow a larger fraction of the
lobe away from us than that of the lobe closer to us. Using a
simple spherical model (see Fig. 4) and for f < 90° — a, we
obtain that f = arcsin () + a, where r is the ratio between the
sizes of the shadow on the two sides of the center of the cone.
From our observation we have r = 0.35 + 0.08, corresponding
to B =~ 60°. An interesting consequence is that the west com-
ponent would be closer to us; since we also know that it is
blueshifted with respect to the galaxy (De Robertis 1987), this
would indicate that we are observing outflowing gas. This
result is consistent with the asymmetric profile of the [O 1]
line observed in Mrk 78 by Heckman, Miley, & Green (1984).

The compact [O 1n1] emission is approximatively aligned
with the extended halo; a good alignment is also found with
the extended narrow line region (ENLR) discovered by Pedlar
et al. (1989) and observed on a scale of up to 16 kpc. The
difference between these position angles and the value of 84°
obtained by Haniff et al. (1988) can be explained by the pres-
ence of the asymmetric bright structures observed on the west
side of the halo.

The diffuse halo of [O n1] emission can be identified with the
A component in the spectral analysis of Whittle et al. (1988): it
is a broad component (~8” in length) with a normal galactic
rotation curve. The high-ionization state of the extended
[O 1] emission and its alignment with the cone of compact
[O n1] emission support the idea of a common origin for ion-
ization, that is, photoionization from the nuclear source.

On the other hand, the compact and extended [O 111] emis-
sion regions show different dynamical behaviors: the gas
within the compact region seems to be outflowing from the
nucleus, while the extended halo and the ENLR gas (Unger et
al. 1986) undergo to a normal galactic rotation.

We can compare our [O 1] images with the VLA radio

F1G. 4—Scheme of the obscuration model proposed for Mrk 78
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image of Pedlar et al. (1989) at 4 2 cm with 0715 resolution. The
radio image shows a triple structure, dominated by a bright
core and with two extended components on the east and west
side. There is no correlation between the radio and the emis-
sion line morphologies on this small scale: the cone position
angle is 67°, while the radio position angle is 89° (Haniff et al.
1988). The asymmetry observed in the [O 1r] image, with the
east component more compact and closer to the nucleus, is the
opposite to that of the radio asymmetry. Furthermore, if we
assume that the radio core is coincident with the cone apex, the
radio emission would lie along the outer edge of the optical
emission-line cone.

Finally, we cannot totally exclude an alternative scenario
where we may simply be observing the geometry of the [O 111]
emitting gas: the central region would not be obscured but
rather it would not contain gas at the required ionization state.
In this case the asymmetry between the two sides would be
intrinsic.

4.2. The Nuclear Emission

The misalignment between the emission-line cone and the
radio emission suggests that the effects of the relativistic
plasma on the ionization of the [O 11] emitting gas are not
important in Mrk 78.

In the context of pure photoionization, we can estimate the
total emission from the nuclear source using the observed
NLR luminosity. We assume that the emission from the central
source is isotropic, and that can be expressed as a power law,
L,=Cv7% for v, <v < vy, with vy > v, and o > 1. The total
number of ionizing photons is

yu
Nnuc(v > vO) =1C ‘[ V_"‘_ldv =1£V(;a .
ko J o

Only a fraction Qy /47 (the covering factor of the emitting
gas) of the emitted photons are absorbed within the NLR. Of
course, Qur < Q where Q is the solid angle subtended by the
ionizing cone. An important result of our HST observations is
a direct estimate for this parameter. From the measured geo-
metrical configuration, we found Q = 0.75 sr.

The total [O 1] emission, not corrected for reddening, is
log Liom = 42.61 hs¢ ergs s~ ' (Yee 1980); within the NLR
[O u]/HB ~ 10 (Whittle et al. 1988) and A4, = 1.05 (Ferland
& Osterbrock 1986), then the estimated Hf flux is L = 1.3
x 10*2 h3? ergs s~ !. Using case B recombination, the re-
quired number of ionizing photons is N = 2.1 x 10'2 Ly, =
2.7 x 105* h;Z photons s~ 1.

Finally, the total luminosity of the nuclear source is

v C N a Vo \*
= “edy = Catl hvf-2) .
L, CJV v %dy 1 VL Oun a1 vL<vL)

L

We now compare this result with our UV observations. The
nuclear luminosity at v, = 1300 A (the pivot frequency of the

F130M filter) is
N a
L, = ah(v—°>
Qnir Vi

while we obtained an upper limit of 6.6 x 10?5 ergs s~ ! Hz™ 1.
The ratio R between the observed and computed UV lumi-
nosity is

Q v\ Q
R<6.6x102° & (1) &5y 1074 2R
X 4noahN \ v, x 10 o

Therefore the observed UV flux is at least three orders of mag-
nitude smaller than required to ionize the NLR. This confirms
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the scenario where, due to orientation effects, the active
nucleus itself is hidden from view in the case of Seyfert 2
galaxies.

We can also estimate a lower limit to the column den-
sity Ny; assuming a standard dust-to-gas ratio (4, =S5
x 10722 N,)) and applying the reddening curve from Cardelli,
Clayton, & Mathis (1989) we find N > 0.5 x 10?2 cm 2, This
lower limit is already much greater than the galactic column
density, and it suggests a very high value for Ny, in agreement
with those found by Mulchaey, Mushotzky, & Weaver (1992)
on a sample of Seyfert 2.

The previous results indicate that most of the emission from
the nuclear source is absorbed by an extended dust com-
ponent, and only a small fraction can escape to ionize the
NLR. If the radiation from the nuclear source is absorbed by
dust, we expect to observe the far-infrared emission due to the
reprocessing of the high-energy photons to lower frequencies.

The amount of radiation absorbed by the dust is given by

Q Q\ N o Vo \*
Ly.=(1--=)L,=(1-= hvi(22) .
2bs ( 47‘) . (1 4“) Qe 2 — 1 VL<VL)

We can estimate the lower limit to the infrared emission
expected in this framework; we adopt v, =vy, a> 1 and
Qur = Q = 0.75. From a physical point of view, these assump-
tions correspond to the most efficient nuclear ionizing source,
where all of the radiation is emitted at the ionization threshold.
Moreover the ionizing flux escaping from the cone must be
completely absorbed within the emission-line region. With
these values we find L,,, > 9.3 x 10** h;? ergs s~ L. If we drop
the initial assumption on the spectrum of the ionizing emission,
allowing o < 1, we obtain a more general expression for L,
that leads to the same lower limit. Using a slightly different
method Storchi-Bergmann, Mulchaey, & Wilson (1992) found
an upper limit of L, < 2.7 x 10*5 h; ergs s~ ! that is consis-
tent with our results.

We also estimated L,y

assuming a blackbody spectrum. The
temperature that minimizes L, is T = 70,000 K. For
T = 70,000 K, we obtained L,,, = 22 x 10** h;Z ergss ™.

Our lower limit has to be compared with the observed total
far-infrared luminosity Lg, = 4.5 x 10** h;? (Mazzarella,
Bothun, & Boroson 1991): even in the case of a power-law
spectrum, L, is significantly greater than L. Moreover,
Rowan-Robinson & Crawford (1989) have shown that less
than 50% of the far-infrared emission comes from the “ Seyfert
component ”, while L,,, would be produced within a kpc from
the nucleus. Therefore we conclude that the emission seen by
the dust must be intrinsically anisotropic.

It has been proposed that bursts of star formation can be an
energy source in AGN and that a young stellar population can
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account for the spectral and energetic characteristics of the
nuclear source (Terlevich & Melnick 1986; Terlevich, Diaz, &
Terlevich 1990); the anisotropy for an approximately black-
body spectrum, as expected from a stellar population, would
have to be even larger to be consistent with the infrared obser-
vations, but a burst of star formation is expected to produce
isotropic emission. Therefore this mechanism appears not to be
important in the case of Mrk 78.

Conversely, the anisotropy can be provided by the configu-
ration of the accretion disk or torus: for example, the inner
walls of the torus can act as a mirror, focusing the radiation in
a cone with a small opening angle (Sikora 1981; Madau 1988).
For example, for a full opening angle of 60°, L, is decreased
by a factor of 13 and would therefore be consistent with the
measured far-infrared luminosity.

5. SUMMARY AND CONCLUSIONS

Our HST observations show that Mrk 78 has an extended
[O 1] emission, with a well-defined biconical shape with a full
opening angle of 40°. This result is a strong confirmation of the
occultation/reflection model for Seyfert 2 galaxies, with a
compact central source as the origin for the ionization. The
UV emission from this source is obscured, as confirmed by the
total lack of far-UV emission in the F130M image.

Dust surrounding the accretion torus is needed to explain
the extended obscured central region. The origin for the overall
geometric configuration is likely to be connected with the ion-
izing source and/or with outflowing gas.

The alignment of the extended [O 11] emission with the cone
of [O 1] emission supports the idea of a common origin for
the ionization. Nevertheless the compact and extended emit-
ting gas display different dynamic behaviors.

The radio emission is misaligned with respect to the [O 1]
emission by about 25°; there is no direct morphological associ-
ation between the radio and [O mi] emission. This result
strengthens the interpretation of a pure photoionization from a
nuclear source as the origin for the overall emission-line
region.

In the framework of pure photoionization, we extrapolated
the total luminosity of the nuclear source from the luminosity
of the emission-line regions. The observed UV flux is at least
three orders of magnitude smaller than the flux required to
ionize the NLR, corresponding to a column density of Ny >
0.5 x 10*2cm ™2,

Moreover, for an isotropic source, the corresponding far-
infrared luminosity would greatly exceed the values obtained
from the IRAS observations; thus we suggest that the dust is
heated by a highly anisotropic source, as expected in the case
of an accretion torus, with reflecting funnel walls.
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