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ABSTRACT

Physical conditions in the nuclei of emission-line galaxies are
investigated by analyzing their continua and optical emission linmes.

The strength and shape of the nonstellar continuum is derived for
nine Seyfert galaxies, As in QSOs, it is described by a power law with
slope ~ -1,1, and in the most luminous objects it flattens at blue and
UV wavelengths. Even at minimum brightness it has no short-wavelength
cutoff near 1 pm, eliminating the possibility that the mnear—-infrared
flux is dominated by thermal emission from hot dust grains,

A detailed analysis at optical and X-ray energies demonstrates that
gas in the nucleus of NGC 7213 is photoionized by nonstellar radiation,
even though it also exhibits the spectral characteristics of galaxies
thought to be heated by shocks. After careful removal of the strong
stellar component, it is shown how these ""shock” features are actually
more consistent with photoionization, The key is a large range of

7 cm—s) in the narrow—line clouds, and a fairly low

densities (~ 103-10
ionization parameter.

Similar studies of three additional galaxies confirm these results
and strengthen the hypothesis that gas in LINERs ("low iomization
nuclear emission-line regions”) is photoionized rather than
shock-heated. A tight correlation is found between the width of
forbidden lines and their critical density. Moreover, much of the

410° 1)

ionizing radiation is probably produced by a hot (T ~ 10
accretion disk.

A sensitive survey indicates that ~ 30-40% of LINERs exhibit weak,

broad Ha emission, The emission—-line intensity ratios are comsistent
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with photoionization by a nonstellar continuum, indicating the presence
of activity similar to (but much milder than) that of QSOs in a
significant fraction of all nearby galaxies,

Relative intensities of emission lines in the mnarrow-line X-ray
galaxy NGC 7314 are typical of type 2 Seyferts, but their widths (FWHM ~
120-150 km s—l) are remarkably small., Thus, nonstellar radiation mneed
not be associated with rapid motions among the narrow—line clouds. The
profile of the broad Ha emission suggests that gas flows ballistically
away from the mnucleus. Dust, vwhich heavily reddens radiation from
broad-line clouds, is probably located within or mnear the clouds

themselves.
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INTRODUCTORY NOTE

This thesis represents an attempt to wunderstand the physical
conditions and processes vwhich exist in the nuclei of emissiorn-line
galaxies, In particular, various emission—line profiles and intensity
ratios are analyzed in order to determine the nature of the excitation
mechanism in galaxies exhibiting low—luminosity Seyfert characteristics
and in "low ionization nuclear emission—line regions” (LINERs). The
research was inspired by articles I read and by discussions with galaxy
pundits,

Much of the work was done in collaboration with my colleagues at
Caltech, Matt Malkan initiated the project described in Chapter 1,
while Jules Halpern contributed significantly to Chapters 2 and 3. Val
Sargent and I are trying to determine the faint end of the luminosity
fonction of active galactic nuclei, and our first results are givenm in
Chapter 5. Finally, Jes se Greenstein obtained data with the
Multichannel Spectrophotometer for the stars in Appendix 2,

Each chapter is written as a sel f-contained article for
publication, Chapter 1 and Appendix 1 are reprinted from The

Astrophysical Journal (1983, 275, 477-492) and the Publications of the

Astronomical Society of the Pacific (1982, 94, 715-721), respectively.

Chapters 2 and 3 are scheduled to appear in the 1984 October 15 issue of

The Astrophysical Journal. Appendix 2 will be published in the 1984

July issue of the Publications f the Astronomical Society of the

Pacific. Chapter 4 has been submitted to The Astrophysical Journal.

Chapters § and 6 will be submitted to The Astrophysical Journal

Supplement Series and The Astronomical Journal, respectively.




CHAPTER 1

The Stellar and Nonstellar Continua of Seyfert Galaxies:

Nonthermal Emission in the Near—-Infrared.

Matthew A, Malkan and Alexei V. Filippenko

Reprinted from The Astrophysical Journal (1983, 275, 477-492).




When you have eliminated the impossible,
whatever remains, however improbable,

nust be the truth.

"The Sign of the Four" (1890)

Sir Arthur Conan Doyle
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THE STELLAR AND NONSTELLAR CONTINUA OF SEYFERT GALAXIES:
NONTHERMAL EMISSION IN THE NEAR-INFRARED

MATTHEW A. MALKAN AND ALEXEI V. FILIPPENKO
Palomar Observatory, California Institute of Technology
Received 1983 March 24; accepted 1983 May 26

ABSTRACT

Spectra having high resolution and excellent signal-to-noise ratios have been obtained for the
nuclei of nine Seyfert galaxies. In Seyfert 1 nuclei the Mg 1 A5175, Na 1 D A5892, and Ca 11 A8542
stellar absorption lines are extremely weak, indicating that galactic starlight does not contribute a
significant fraction of the observed continuum. The relative amount of light (in a given aperture) due
to the unresolved nucleus of each galaxy has been measured from direct images made with a silicon
intensified target (SIT). Knowing the fraction of nuclear light which comes from stars, we deduced
the total stellar and nonstellar continuum fluxes in the spectral range AA5000-8600. Within a 10
aperture stars contribute a sixth or less of the visual continuum in Mrk 335 and Mrk 509, one-fourth
to two-fifths of that in NGC 4151, 5548, and 7469, and three-fifths of that in NGC 1275, 3227, and
4051. These fractions are accurate to 10%-15%. The starlight has colors which are typical of those in
the disks of normal spiral galaxies. The nonstellar continuum is similar to that of quasars—it drops
from the near-infrared to the visual like a power law with slope a ~ —1.1 to —1.2, and in the brighter
galaxies it flattens in the blue. Even at minimum brightness, the nonstellar flux has no short-wave-
length cutofl near 1 pm, eliminating the possibility that the near-infrared flux is dominated by

thermal emission from hot dust grains.

In an appendix, we report several weak emission lines that have not been previously seen in the
spectra of active galactic nuclei. Some interesting characteristics of the broad permitted lines, as well
as differences in the widths of various forbidden lines, are also mentioned.

Subject headings: galaxies: nuclei — galaxies: Seyfert — galaxies: stellar content —

spectrophotometry
1. INTRODUCTION

Nearby Seyfert galaxies have been extensively in-
vestigated because they are bright and easy to observe.
Their relatively faint nonstellar continuum is more diffi-
cult to study, however, because of substantial con-
tamination from starlight. In particular, the spectral
shape of the nonstellar continuum has not been unam-
biguously measured in any low-luminosity Seyfert
galaxy; rather, many workers have simply assumed that
it is similar to that of luminous quasars.

Direct imaging cannot in itself determine the galactic
contribution, since much of the starlight may lie within
the seeing disk and is inseparable from the pointlike
(unresolved) nonstellar light. Nor is low-resolution spec-
trophotometry of the continuum adequate, as it cannot
distinguish a large stellar component with a weak blue
nonstellar continuum from a smaller stellar component
with a strong red nonstellar continuum (Malkan and
Oke 1983). The most effective spectroscopic indicators
of a stellar population are prominent absorption lines
such as the G band (A4304), the Mg 1 b triplet
(A5167,A5173,A5184), and the Ca 11 near-infrared trip-
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let (AB498,A8542, A8662). These lines are presumably
absent in any nonstellar continuum, and their strengths
in normal galaxies are well known. The strong Na 1 D
(A5890,A5896) and Ca 11 H (A3968) and K (A3934)
lines can also be useful, but they may be contaminated
by interstellar absorption in the host galaxy (Osterbrock
1978,1983).

Osterbrock (1978, 1983) gave estimates or upper limits
to the starlight components of many Seyfert 1 spectra
from the strength of the Ca 11 K line. However, the slit
size was small (277 X4"0), so these measurements refer
only to the nucleus. Direct imaging is required to esti-
mate the starlight contribution seen in large apertures.
In addition, the nonstellar light in Seyfert 1 galaxies is
much bluer than that of stars, and it is therefore essen-
tial to measure the stellar flux at longer wavelengths,
where its relative strength is greater. Finally, since the
nonstellar continuum often varies by more than a mag-
nitude on time scales of a month (Penston er al. 1974),
images and spectra should be obtained contempora-
neously. Malkan and Oke (1983) used this combination
of slit spectroscopy and direct imaging of the Seyfert
galaxies Mrk 3, Mrk 6, and NGC 1068. Their spectra
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had reasonably good signal-to-noise ratios, but only 7 A
resolution, and it is not easy to separate weak absorp-
tion lines from adjacent emission lines.

In this paper, digital images of nine Seyfert galaxies
are combined with coudé spectra having excellent sig-
nal-to-noise ratios and high resolution in order to more
precisely estimate the stellar flux and to determine the
nature of the remaining continuum. The observations
are presented in § II, and the methods used to analyze
them are outlined in § III. Section IV discusses the host
galaxies, whereas § V examines properties of the non-
stellar continuum. A brief summary of our main conclu-
sions is given in § VL

I1. OBSERVATIONS

Direct images were obtained with the SIT Area Pho-
tometer (Kent 1979) on the Palomar 1.5 m telescope, as
listed in Table 1. The data come in the form of a
256 X256 array of square pixels, each 0”7 on a side,
giving a 3’ X3’ field of view. To maximize the dynamic
range, the photocathode was run at a relatively low gain,
corresponding to a saturation level of 10,000 photons
per pixel. The required integration times for our bright
objects were still only 10-600 s, and two or three
consecutive exposures of each galaxy were usually taken.
The light passed through square filters selected to ex-
clude significant contamination from emission lines.
Most images were obtained through either a Gunn violet
(v) filter (Thuan and Gunn 1976), with A ; = 4000 A and
AX =400 A, or a Wratten 88A filter, which gives Ay =

Vol. 275

7900 A, AX =1200 A, corresponding approximately to
the / magnitude defined by Wade eral (1980). A few
images were obtained through narrow-band (AA =100
A) filters centered on either 6615 A or 6760 A, which
were kindly loaned by Dr. H. C. Arp. For each galaxy,
the filter was selected to avoid the strong Ha +[N 11]
emission lines; thus the 6760 A filter was used for
low-redshift galaxies, and the 6615 A filter for objects of
higher redshift. Comparison with the absolute spectro-
photometric scans of de Bruyn and Sargent (1978) shows
that contamination from line emission in all these filters
was negligible.

An average zero-level picture was removed from each
frame, and pixel-to-pixel sensitivity variations were
eliminated by flattening with a lengthy exposure of the
illuminated dome ceiling. The sky measured in a large
(typically >1’) annulus centered on the galaxy was
subtracted from each exposure. Since this correction was
well determined, and generally less than 10% of the
central brightness of the galaxy, it is a small source of
uncertainty in the derived surface brightness profiles.
The photometric zero points were set by several mea-
surements of defocused standard stars and are accurate
to 10%. Spatial distortions in the SIT frames were
negligible in the regions of interest.

Spectra having ~1.6 A resolution were obtained with
a photon-counting Varo-Reticon detector (Shectman and
Hiltner 1976) at the coudé focus of the Mount Wilson
2.5 m Hooker telescope. A small aperture ( ~176 X377)
isolated light from the nuclear seeing disk. An image

TABLE 1
JOURNAL OF OBSERVATIONS (UT)
Coude Optical Infrared
Galaxy Spectroscopy Imaging Spectrophotometry Photometry
NGC 1068 ... 1982 Jan 4 (Mg) 1981 Oct 16
1982 Nov 14 (Na) 1982 Mar 7
1981 Oct 24 (Ca)
NGC 1275 ... 1981 Oct 22,23 (Mg) 1981 Oct 9.10,14,16
NGC 3227 ... 1981 Mar 29 (Mg) 1981 Aprl
1982 Nov 14,15 (Mg)
1981 Jan 10 (Na)
NGC 4051 ... 1981 Mar 28 (Mp) 1981 Apr1 1979 Jun 12 1978 Feb 22
1982 May 22 (Mg) 1982 May 20 1980 Mar 25
1982 Apr 19 (Na) 1980 Mar 30
1982 May 21 (Na)
NGC 4151 ... 1981 Mar 29 (Mg) 1981 Apr 1 1980 Mar 9 1980 Feb 11
1982 May 22 (Mg) 1982 Mar 7 1979 Apr 16 1980 Mar 30
1982 Apr 19 (Na) 1982 May 20 1979 Apr 13
1982 Apr 20 (Ca) 1979 May 6
NGC 5548 ... 1981 Mar 30 (Mp) 1981 Apr1 1980 Mar 9 1980 Mar 30
1982 May 22 (Mg) 1982 Mar 7 . 1980 Apr 15
1982 May 21 (Na) 1982 May 21
NGC 7469 ... 1981 Oct 22 (Mp) 1981 Aug 9 1980 Sep 30 1980 Oct 25
1982 Nov 14 (Na) 1981 Oct 10,15,17 1979 Jun 12 1979 Jun 29
Mrk 335...... 1981 Oct 23 (Mg) 1981 Aug 9
1982 Nov 15,16 (Na) 1981 Oct 10.15.16
Mrk 509 ...... 1982 May 21 (Na) 1981 Aug 9. Oct 14,16
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derotator was not used because of the unacceptably
large light losses it would have caused. The sky was
measured in an identical aperture displaced by ~ 6",
and appropriate corrections were applied when light
from the galactic disk contaminated the sky spectrum.
Owing to the very steep surface brightness profiles in
Seyfert galaxies, these corrections were generally very
small, but in several cases (e.g., NGC 1068) we obtained
additional sky spectra a few arc minutes away from the
object to achieve greater accuracy. Standard stars (Oke
and Gunn 1983) were used to calibrate the instrumental
response, and all observations were divided by the spec-
trum of an intrinsically featureless continuum from a
tungsten lamp to remove local variations in the detector
sensitivity. Wavelengths were calculated from Fe-Ar
arcs taken several times throughout the night. There
were gradual dnfts in the wavelength scale, but the
calibration should be accurate to ~ 0.3 A. Atmospheric
absorption lines were removed by comparison with the
spectra of early B stars.

III. ANALYSIS

a) Direct Images

The radial surface brightness profiles for each object
were derived by azimuthally averaging the signal as a
function of distance from the image center. Repeated
measurements on different nights show that these curves
are accurate to 0.1 mag for radii up to 15”. The same
information is also available as the integrated fluxes
within a series of concentric circles centered on the peak
brightness of the galaxy. A typical example of these two
forms (differential and integral) of displaying the data is
shown for NGC 5548 in Figures 1 and 2. The following
analysis does not assume the galaxies are azimuthally
symmetric: we simply refer all measurements to circular
apertures for convenient comparison with other observa-
tions.

The galaxy profiles were then compared with those of
field stars on the same frames to determine the resolved
fraction of galaxy light. That is, a stellar (unresolved)
seeing profile was scaled to match the galaxy profile in
the central few arc seconds. Any remaining galaxy light
above this profile is resolved and presumed to arise from
stars, as shown in Figures 1 and 2. The scaled seeing
profiles match the inner parts of the galaxy profiles with
high precision: the residuals are only 2%-3%, smaller
than the width of the lines in Figure 1.

The limiting source of error in this procedure was the
accuracy with which the seeing profile could be de-
termined at the time each Seyfert nucleus was measured.
When a single frame had more than one bright stellar
image, their surface brightness profiles were always very
similar, with full widths at half-maximum (FWHM)
~174-179. On average, the seeing profile was indepen-
dent of wavelength. However, there were small but
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F1G. 1.—Surface brightness profiles of NGC 5548, observed
through ¢ and i filters. The violet and infrared fiuxes are compara-
ble in the predominantly nonstellar nucleus. At larger radii. the
infrared /violet flux ratio increases, Jeveling off at the much redder
color typical of a galaxy. The dashed line is a seeing profile. scaled
to match the center of the / brightness distribution in NGC 5548.
In other words, it shows the portion of light in NGC 5548 which is
unresolved.

detectable changes in the profile of a single star ob-
served in two consecutive exposures, and gradual changes
in the seeing occurred throughout the course of a night.
Roughly half of the program galaxies did not have a
bright field star in the same frame, so we compared
these with stellar images observed either immediately
before or after the galaxy. Owing to the seeing fluctua-
tions, our estimates of the unresolved fractions are only
accurate to 10%-15%. That is, two stellar images ob-
tained in the same part of a night were often not
identical. Compared with the sharper image, the poorer
one had up to 10%-15% of its light “resolved.” This
dominant source of error was reduced by averaging the
results of several frames. Possible errors in the photo-
metric zero points would not alter the fractions of re-
solved light we found by this procedure.

Our estimates of the fraction of resolved light in NGC
5548 and NGC 7469 agree with those obtained by de
Bruyn (1982) in 1978 June. In several cases, galaxies
were imaged on more than one night. Even when their
nuclear brightness varied, we found the same amount of
starlight present, to within 0.10-0.20 mag. This is a
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FI1G. 2.—The integrated flux as a function of diameter enclosed by a circular aperture centered on the nucleus of NGC 5548. The scale for
the violet fluxes is on the right; the infrared fluxes are plotted on a scale which is a factor of 5 larger. The dashed lines show seeing profiles
(derived from images of field stars) normalized to match the galaxy growth curves at the smallest diameters. They correspond to the fraction
of the light which is unresolved: 5.4 mJy at 4000 A and 10.8 mly at 7900 A. The sharp bend in the v curve indicates that the nucleus of NGC
5548 dominates at 4000 A; the image at 7900 A is more extended because the starlight is much redder than the light from the nucleus.

reasonable measure of the total uncertainties associated
with the estimates of starlight fluxes, which are listed in
Table 2. The errors for NGC 3227 are somewhat larger
since it was imaged on only one night.

b) Spectra

The unresolved continuum comes from the pointlike
nonstellar nucleus and the starlight of the central part of
the galaxy which falls within the seeing disk. Our spectra
were used to estimate the ratio of unresolved stellar to
nonstellar flux, under the assumption that the fraction
of light in the nucleus due to stars is simply the ratio of
the observed equivalent width of a stellar absorption
line to its average value in the spectrum of an ordinary
galaxy.

Figures 3-5 illustrate all of the spectra included in
our analysis, with the exception of some repeat observa-
tions. The relative flux per unit frequency interval is
plotted as a function of wavelength, and both scales are
linear. Wavelengths have been reduced to the rest sys-
tem of the observed galaxy. Since small apertures and
long integration times were used, in some cases atmo-
spheric dispersion produced substantially unequal light
losses in different portions of a spectrum (Filippenko
1982). Therefore, to flatten the continuum for accurate
measurements of absorption lines, every spectrum was
normalized by fitting a cubic spline through the con-
tinuum and dividing the flux in each bin by the local
value of the spline. This technique artificially removes
any broad intrinsic spectral shape, so the true relative
intensities of regions separated by more than ~100 A

TABLE 2
FLUXES AT 5400 A (mJy)

WITHIN 10" APERTURE

TOTAL STARLIGHT WITHIN APERTURE OF:

GALAXY Stellar Nonstellar? 157 20" 257 307
NGC 1068 ... 65 17 100 140 180 220
NGC 1275 ... 5.2 29 9.3 13 15 17
NGC 3227 ... 1.6 52 14 19 25
NGC 4051 ... 73 5.7 10 13 16 19
NGC4151 ... 14 21,/29° 21 28 34 40
NGC 5548 ... 34 6.9 56 74 9.0 10
NGC 7469 ... 6.8 7.5/12° 79 10 13 15
Mrk 335...... 15 74

Mrk 509 ...... 15 8.6

#The nonstellar flux (f,) is approximately a power law with slope —1.1 to —12in all

cases.

®The two nonstellar fluxes refer to measurements when the continuum was faint and

when it was bright.
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are not displayed exactly. Note that in most spectra the
relative scale is adjusted to emphasize the continuum, so
very low or high flux levels are not plotted.

Although they are potentially useful indicators of
starlight, the G band and the Ca 11 H and K lines were
not observed because of the increasing proportion of
nonstellar light and, in particular, the decreasing detec-
tor sensitivity at short wavelengths. Similarly, the Ca 11
near-infrared triplet could be measured in only the
brightest nearby galaxies NGC 1068 and NGC 4151, as
the efficiency of the system plummets longward of ~
8000 A.

Prominent emission and absorption lines (or the ex-
pected position of absorption lines) are marked on the
spectra. The equivalent widths of absorption features
were measured in the standard manner, but some diffi-
culties were encountered with Mg b and Na D. For
example, galaxies such as NGC 1068, 3227, 4051 and
4151 exhibit strong forbidden lines of nitrogen and
highly ionized iron which contaminate the Mg b absorp-
tion, as well as narrow He 1 A5876 near the Na D
doublet. These emission lines could be removed to first
order because the high spectral resolution adequately
isolated them from the absorption lines. Permitted lines
of Fe 11 presented an additional problem near Mg b, as
can be seen in Mrk 335, NGC 5548, and NGC 7469.
The spectra were compared with those published by
Phillips (1977, 1978), and once again our high spectral
resolution was necessary for accurate measurement of
the absorption lines. Finally, a suitable correction was
made to the equivalent width of Na D in objects which
show broad He 1 A5876 emission, and in spectra from
which broad Na D emission (due to high-pressure sodium
vapor lamps) could not be completely subtracted.

Our assumption that the spectra measure only unre-
solved nuclear light is conservative, since light from the
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galactic disk entered near the ends of the long (377)
aperture. Furthermore, if some off-nuclear light entered
the aperture because of guiding errors or atmospheric
dispersion, the strengths of absorption lines would be
overestimated. Despite these effects, the absorption lines
in most of the spectra are extremely weak, indicating
that the unresolved light is almost entirely nonstellar.

Since some Na D absorption may arise from the
interstellar medium of the host galaxy, the true equiva-
lent width of the stellar absorption could be even smaller
than the values listed in Table 3. NGC 3227 has ex-
tremely strong, narrow Na D absorption (Fig. 4), which
seems inconsistent with its very weak Mg b lines. NGC
4051 also exhibits an easily resolved Na D doublet, in
contrast to the stellar Na D absorption in the bulge of
NGC 1068 (Fig. 3). The nucleus of NGC 3227 is ob-
scured by 4, ~1.4 mag, and NGC 4051 could have half
as much extinction (Malkan 1983a4). We suspect that
most of the Na D absorption in these two objects (and
possibly in others as well) is interstellar. Na D absorp-
tion due to our Galaxy did not present any difficulties,
since ¢z 21000 km s~ for all of the Seyfert galaxies
observed.

The equivalent widths of stellar absorption lines in
the spectra of Seyfert nuclei are given in Table 3. Our
measurements may be somewhat generous: the true
widths could be less, but they certainly do not exceed
the ones listed by more than ~ 25%, so it is unlikely that
the contribution due to stars has been significantly un-
derestimated. Since the absorption lines are very weak in
most of the objects, we were concerned primarily with
the danger of underestimating the starlight contribution;
such an error would have an important impact on our
conclusions. The small equivalent widths listed for the
Mg b lines are in good agreement with the Ca K widths
measured by Osterbrock (1978) in these objects

TABLE 3
COUDE SPECTROSCOPY: EQUIVALENT WIDTHS (A)

NaiD Ca 11 A8542°

Galaxy Mgtib
Average spiral® ... 45+2.1
NGC 1068 ........ 1.7
NGC1275 ........ 0.25
NGC 3227 ........ 0.75
NGC 4051 ........ 0.8
NGC4151 ........ 0.2
NGC 5548 ........ 02
NGC 7469 ........ 03
Mrk 335..... < 0.1
Mrk509........... .

3716 3.2+05
29 30
4.2
11 ..
0.8 1.1
03 .
0.7
<02
<025

NoTE: —The symbol < means line not detected or only marginally

detected—upper limit given.

. *Ca 1 refers to the width of one component of the triplet, at 8542
A the other two lines (8498, 8662 A) were more difficult to measure.

PAverage spiral: Mg b and Na D from Hartwick and Cowley 1980
and Stauffer 1983. Ca 11 from Cohen 1978.
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¢) Stellar and Nonstellar Fluxes

In order to determine the amount by which galactic
absorption lines have been diluted by a nonstellar
featureless continuum, we must know the intrinsic
strengths of the lines. The spectra measured light from
roughly the central kiloparsec of each object, where the
bulge dominates the contribution from the disk compo-
nent in early- and intermediate-type spiral galaxies.
Since the integrated spectra of galactic bulges are
dominated by red giants, the strengths of stellar absorp-
tion lines do not vary greatly from galaxy to galaxy.
Cohen (1978) found that the near-infrared Ca 11 triplet
lines have relatively constant equivalent widths in differ-
ent galaxies and exhibit no spatial variations in a given
object. The equivalent widths of Mg b and Na D in
Table 3, taken from Hartwick and Cowley (1980) and
Stauffer (1983), are averages over all types of spiral
galaxies. The larger variations seen in the b and D lines
are due to metallicity differences and dilution from the
blue continuum of hot young stars.

Although these variations in equivalent width are a
nonnegligible source of error in our analysis, it is likely
that the stellar population in the nuclei of Seyfert galax-
ies more closely resembles that of elliptical or early-type
spiral galaxies than that of late-type spirals. Thus, the
effective scatter in the width of a line is probably smaller
than indicated in Table 3. For example, late-type spiral
galaxies exhibit relatively weak Mg & absorption, but
their stellar population is probably not representative of
Seyfert 1 nuclei since features such as Fe 1 A5269, whose
strengths should be comparable to that of Mg b
(Osterbrock 1983), are not visible (except weakly in
NGC 1068 and NGC 3227).

The direct imaging gives R, the ratio of resolved to
total light within a 10" aperture (as illustrated in Fig. 2).
To compare estimates made at different wavelengths, we
assume that the starlight spectrum is that of the “stan-
dard galaxy” of Yee and Oke (1978), in which the ratios
of flux at 4000, 5200, 6600, and 8000 A are
0.33:1.0:1.5:2.3. As illustrated by Malkan and Oke
(1983), it is a good match to the integrated spectra of
early-type galaxies and to the central regions of later-type
spiral galaxies, which are dominated by bulge light from
red giants.

The starlight flux at 5200 A in a 10" aperture is given
by

F¢(5200) = Co(A) F(A)[ R + (1= R)(EW,, /EW,)],

where the measurements of rotal flux F(A), R, and
absorption equivalent width (EW,,,) are made at a
wavelength A. The quantity C,(A) is the standard galaxy
color F,(5200)/F 4(A), and EW is the equivalent width
of the absorption line in the case of pure starlight. The
first term, C,(A)F(A)R, is the resolved (extended) flux,
which is, by assumption, entirely stellar. The second
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term is the portion of the unresolved nucleus which is
starlight, as manifested by absorption lines in our spec-
tra. In all objects the first term is larger than the second,
since (EW,,,/EW,) is typically 0.05-0.20 and tends to
be smallest when R is small (e.g., in Mrk 335 and Mrk
509).

Errors in the photometric zero points [leading to
incorrect F(A)] and those in the galaxy color C(A)
propagate linearly as errors in the estimated stellar flux.
We confirm in § IV that the galaxy colors are indeed
very similar to those of our standard galaxy, so the
second source of error is negligible. For the values listed
in Tables 2 and 3, it is evident that the dominant source
of error comes from 10%-15% uncertainties in R, al-
though the second term tends to offset errors in the first.
As long as a portion of the seeing disk is contaminated
by starlight (i.e., as long as EW,,  /EW, exceeds zero),
the resolved flux ratio (R) tends to increase as the seeing
improves, but this improvement in the seeing also de-
creases EW,,, /EW . If the seeing is identical during the
direct and spectroscopic observations, its effects cancel.
On the other hand, if it is much worse during the direct
observations, the starlight flux is underestimated. It is
probable that any differences in our observations were
actually in the opposite sense: the direct images were
generally obtained under slightly better seeing condi-
tions than the spectra (if we include guiding errors in the
effective “seeing”). In the next section we confirm that
seeing did nor lead to an underestimate of the stellar
flux.

The additional photometric errors and uncertainties
in EW, lead to estimates of stellar and nonstellar flux in
Table 2 that are accurate to 15%-20%. Aperture growth
curves were used to calculate the total amount of visual
continuum flux from stars in 10”-30" apertures (Table
2).

IV. THE HOST GALAXIES

Having separated the stellar and nonstellar con-
tinuum in each Seyfert nucleus, we can now compare the
host galaxies with others which lack active nuclei. As
Yee (1983) concluded for 11 Seyfert 1 galaxies, the
nuclear colors (dominated by nonstellar light) are much
bluer than those of starlight. But it is relatively easy to
measure the colors at radii larger than 5”, where con-
tamination from the unresolved nucleus is negligible.
The starlight colors measured 5”-30" from the nuclei of
NGC 4051, 4151, 5548, and Mrk 335 are approximately
the same as those of the standard galaxy. Colors were
not measured in NGC 3227 and Mrk 509.

The type 2 Seyfert galaxy in our sample, NGC 1068,
shows little color change from the nucleus to a radius of
~ 7”. At larger radii (8-17"), the color becomes bluer
than that of a standard galaxy by 0.2 mag in v — r. This
is due to the contribution from bright rings of H 11
regions and their associated young stars, which are
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F16. 6.—The observed violet surface brightness profile of NGC 1068, and its decomposition into an unresolved nonstellar component
(haiched region hounded by the dashed line labeled * point source™) and a galactic starlight component ( haiched region bounded by the dashed
line labeled * galaxy™). The sum of the nonstellar and stellar components is equal to the observed profile (sofid line). Integrating the galaxy
curve and assuming a normal starlight color yields the stellar flux estimates given in Table 2. At the nucleus (r ~ 0) stars make up about a
third of the light at v, in excellent agreement with the spectroscopic results.

evident on photographs having short exposure times
(Alloin et al. 1981). The FWHM of the Na D and Ca 11
near-infrared lines is 470+40 km s™!, and the corre-
sponding velocity dispersion (200+20 km s™!) is at the
high end of observed values in bulges of spiral galaxies
(cf. Kormendy and Illingworth 1982).

We checked our estimates of the stellar flux in the
nucleus at several different wavelengths to see if they are
consistent with the light from a standard galaxy. In all
cases except NGC 1275, the inferred galaxy colors are
the same as those of the standard galaxy to within
0.1-0.2 mag. NGC 1275 is unusual in that v — g does
not change by more than 5% from the nucleus out to a
radius of 15”. Thus, its nucleus and the nearby starlight
both have roughly the same blue color, v — g ~ 0.25,
which is several tenths of a magnitude bluer than the
standard galaxy. The additional blue light around the
nucleus of NGC 1275 probably comes from a popula-
tion of young stars, as has already been revealed by
previous observations of Balmer absorption lines in
off-nuclear spectra (Minkowski 1968).

We agree with Yee (1983) that the starlight in most
Seyfert galaxies has the colors of typical spiral disks.
That is, it is only slightly bluer than an elliptical galaxy.
Malkan, Margon, and Chanan (1983) found the same
result from imaging quasars of low redshift selected
from X-ray surveys.

The surface brightness profiles allow one critical check
for consistency with the spectroscopy. As illustrated in
Figures 6 and 7 for NGC 1068 and NGC 4151, we can
use the images to estimate the total stellar flux by a
method which is completely independent of the spec-
troscopy. Guided by the portion of the profile outside
r= 3", which is entirely starlight, we smoothly extrapo-
late (as indicated by the thin dashed line) the galaxy flux
to r=10", much as Yee (1983) did in his analysis. We
then compare the inferred central surface brightness of
the stars with the observed central surface brightness to
find what fraction of the nuclear light is stellar. Ap-
proximately a third of the v light in the nucleus of NGC
1068 is predicted to be stellar. and in NGC 4151 stars
should contribute a tenth of the v light and a third of the
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i light. These predictions are in excellent agreement with
the observed absorption-line strengths, confirming our
assumptions that the seeing was similar during the direct
and spectroscopic observations, and that the intrinsic
strengths of absorption lines in the stars were normal.

V. THE NONSTELLAR CONTINUUM

The estimates of starlight flux in the preceding section
allow us to isolate the spectra of the nonstellar con-
tinuum. Several of the galaxies in this program have

14

STELLAR AND NONSTELLAR CONTINUA OF AGNs

487

been observed nearly simultaneously at infrared and
optical wavelengths. The observing dates are given in
Table 1. Optical spectrophotometry was obtained
through a 10” aperture by de Bruyn, Sargent, and
Readhead (1982) with the multichannel spectrometer
(Oke 1969) on the Hale 5 m telescope. Near-infrared
photometry (1.2-3.5 pm) was obtained with the Las
Campanas du Pont 2.5 m and Mount Wilson 1.5 m
reflectors, or taken from previous studies by Rieke
(1978), McAlary er al. (1983), Cutri er al. (1981), Rudy
et al. (1982), McAlary, McLaren, and Crabtree (1979),
and Balzano and Weedman (1981). Our new infrared
photometry is presented in Table 4. Most of the mea-
surements were made with 8/-12” apertures, so that
only very minor corrections were required before com-
bining the infrared with the optical observations, as has
been done in Fig. 8. The data are plotted as vertical
bars. We also include measurements made at 10 pm,
although generally these were not simultaneous with the
other observations. If there is significant variability at 10
pm in any of these galaxies, this portion of the com-
posite spectra should be considered more uncertain.

In Mrk 335 and Mrk 509, the correction for starlight
included in a 10" aperture is 15% or less and can almost
be ignored completely. The corrected nonstellar con-
tinua look very similar to the multichannel spectra
published by de Bruyn and Sargent (1978). However,
starlight comprises a significant fraction of the light
within 5” of the nucleus in all of the other Seyfert
galaxies. Figure 8 shows the infrared and optical spectra
of NGC 4051, 4151, 5548, and 7469 obtained through a
10” aperture. Channels containing strong emission lines
were excised. The dashed line shows the estimated flux
due to stars (from Table 2), and the solid line is the
remaining nonstellar light (which is the difference be-
tween the bars and the dashed line). Although optical
and infrared photometry is available for NGC 1275, we
did not attempt a subtraction because, as discussed
above, we suspect its starlight is bluer than that of the
standard galaxy. For two galaxies, NGC 4151 and NGC
7469, combined infrared and optical data are available

TABLE 4
NEW INFRARED MAGNITUDES

Galaxy J(1.2 um) H(l.6 um) K22 um) L3S5Sum) N(10.6 um) Aper. Date Tel®
NGC 1068 . ... 0.96 +0.16 9 1979 Sep 6 M60
NGC1275.... 9.83+0.08 . 414+024 12/9 1979 Sep 7 Meo
NGC 7469 ... 914+ 0.08 4124019 12/9° 1979 Sep 6 Mé60
10.97+0.03 10.08 + 0.03 9.34+0.03 8.25+0.05 . 11 1980 Jun 29 L100
10.54+ 0.03 9.80+0.03 9.14+0.03 8.00+0.05 18 1980 Jun 29 1100

10.35+0.03 9.57+0.03 9.00+0.03 e e 63 1980 Aug 1 C36

Mrk 335 ...... 547+40.21 9 1979 Sep 7 M60
Mrk 509 ...... 11.99+0.03 11.14 4 0.03 10.18+£0.03 8.70+0.05 10 1980 Jul 3 L100

*M = Mount Wilson, L = Las Campanas. C = Cerro Tololo. Numbers refer to telescope mirror diameter (inches).
Larger aperture refers to measurement at shorter wavelength.
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for two epochs—one in which the nuclei were near their
maximum brightness, and one when they were near
minimum. NGC 4051 has never shown optical varia-
tions greater than ~ 0.3 mag.

All of the nonstellar spectra exhibit a decrease in
slope near 4000 A (log » =14.875) and then level off at
~ 3650 A (logv =14.915). Malkan and Sargent (1982,
hereafter MS) have already seen this feature in
six Seyfert galaxies. The exact wavelength coincidence
lead them to attribute it to blended Balmer lines and
strong emission in the Balmer continuum. Our results
strengthen their view that it is always present in the
spectra of Seyfert galaxies.

In Figure 9 we have shifted the nonstellar spectra on
top of each other, in two distinct groups. The “faint”
group includes NGC 4151 and NGC 7469 near mini-
mum, and NGC 4051. These spectra are slightly steeper
and show no indication of any flattening before the
Balmer jump which could be attributed to thermal emis-
sion (MS). The “bright” group includes NGC 4151 and
NGC 7469 near maximum, and NGC 5548. Their non-
stellar spectra are almost identical to the spectrum of
Mrk 509, which is plotted for comparison. They show a
small but significant flattening in the visual, consider-
ably before the blending of Balmer lines merges into the
Balmer continuum. This characteristic “ultraviolet ex-

13.5 14,0

cess” (or “blue bump”) is present in nearly all luminous
Seyfert 1 galaxies and quasars. It has been analyzed in
detail by MS and by Malkan (19835), who found that it
is best interpreted as thermal emission from optically
thick accreting gas. The two least luminous Seyfert
galaxies studied by MS were NGC 4151 and NGC 5548,
for which only an upper limit on the strength of the
thermal ultraviolet emission could be established. The
present measurements of starlight in NGC 4151 and
NGC 5548 provide a more precise estimate of their
nonstellar spectra, and it is now evident that when they
are bright, they also flatten around 5500 A (Fig. 9).
Thus, the less luminous Seyfert nuclei can show the
same signature of optically thick thermal ultraviolet
emission that MS concluded was present in all brighter
objects.

All the nonstellar spectra slope down from 10 pm to
the visual roughly like power laws (f, @ »*) with slopes
(a) of —1.1 to —1.2. This characteristic shape is com-
monly seen in most broad emission-line objects, as
discussed by MS. A closer look reveals that the spectra
are not exactly described by power laws but usually
have a slight downward curvature, as mentioned by
Malkan (1983b) and others. The logarithmic slope from
0.8 to 2.5 pm is one- or two-tenths steeper than the
slope from 2.5 to 10 pm. It seems reasonable to expect
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Fi16. 9.— The nonstellar spectra from Fig. 8, rescaled for easy comparison with each other. The “faint” spectra fall steadily all the way to
the Balmer limit and are not very different from the f, @ »~*2 power law shown for comparison. The “bright” nonstellar spectra are almost
identical to that of Mrk 509, which has a detectable flattening in the blue well before the Balmer limit.
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this curvature to continue to longer and shorter wave-
lengths. The 10-100 pm spectra of Seyfert 1 nuclei
should show noticeable curvature and an overall slope
which is flatter than —1.0. Note that on the scale of
Figure 9, even a 10% error in the relative calibration of
optical and infrared fluxes would still have no discern-
ible effect on our results.

Our estimate of stellar flux in NGC 1068 is slightly
higher than that obtained by Malkan and Oke (1983).
Since it is based on better observations, it supersedes the
previous value. The estimate of starlight flux in NGC
4151 is lower than that of Schmidt and Miller (1980),
probably because they assumed the nonstellar light was
a flat power law (f, & »~ 03,

Rieke (1978, 1981) has made estimates of the starlight
flux in NGC 4151 and in several other low-luminosity
Seyfert nuclei to examine their nonstellar infrared spec-
tra. In NGC 4151, he assumed that the red spectrum at
minimum light is entirely due to stars. Our spectra of
the nucleus of NGC 4151 at minimum do not confirm
this, since all of its absorption lines are far too weak to
arise from pure undiluted starlight. Thus, Rieke’s esti-
mate of the stellar flux in 4151 is ~ 50% too high.
Consequently, the nonstellar spectrum of NGC 4151 at
minimum is not qualitatively different from that at
maximum brightness: both fall smoothly from 2-3 pm
to the visual, roughly with a power-law slope of —1.1 to
—1.2. There is no short-wavelength break around 1 pm.
If the bulk of the 2 pm flux comes from hot dust grains,
as has been suggested by Rieke (1978) and reiterated by
other investigators (Rieke and Lebofsky 1979; Angel
and Stockman 1980), such a thermal Boltzmann cutoff
in the nonstellar spectrum should be observable. Since it
is not seen in any of our Seyfert 1 spectra, which instead
have an approximately power-law shape (as in quasars),
we conclude that the bulk of their 2 pm flux is not
thermal. .

Careful photometric monitoring by Lebofsky and
Rieke (1980) shows that the blue and infrared variations
in NGC 4151 and in the low-redshift quasar III Zwicky
2 are sometimes not instantaneously correlated. If (as
MS argue) the blue light is predominantly thermal, while
the red is nonthermal, they may not always vary syn-
chronously. Rieke’s measurements also show that the
nonstellar infrared continuum may steepen slightly when
it fades.

Although our results severely restrict the role that
thermal dust emission could play in contributing to the
near-infrared flux, they do not conclusively rule out the
possibility that thermal emission may become important
at longer wavelengths in many Seyfert 1 nuclei. For
example, the “power law™ seen at shorter wavelengths
could turn over beyond 3 pm if the right amount of
thermal emission from dust at T~ 500 K were present
to preserve the linearity of the resulting spectrum. Yet it
seems implausible that the thermal and nonthermal
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fluxes would always be so well balanced: one should
expect to see some spectra with a sharp (exponential)
increase to longer wavelengths, as well as some with a
turnover at 10 pm. This conflicts with the great uniform-
ity of most infrared spectra of Seyfert 1 nuclei and
quasars.

The starlight fluxes derived for NGC 1068 in the blue
and red agree fairly well with those estimated by Malkan
and Oke (1983). However, our high-quality near-infrared
spectrum shows that the Ca 11 lines are probably seen at
full strength in the nucleus of NGC 1068. At most, 10%
of the near-infrared continuum within a 10" aperture is
nonstellar, indicating that the “power law” seen by
Malkan and Oke (1983) at shorter wavelengths has
flattened by 8000 A. Since the nonstellar light is bluer
than the starlight, the increase in polarization at shorter
wavelengths is probably due to the nonstellar compo-
nent (cf. Visvanathan and Oke 1968; Miller 1983). Our
failure to detect dilution from nonstellar light at 8500 A
in NGC 1068 indicates that at least some Seyfert 2
galaxies do not have the same near-infrared power law
that is generally present in type 1 Seyferts. It is not
possible to ascertain whether the nonthermal component
extends into the infrared in Seyfert 2 nuclei because this
portion of their spectra is dominated by thermal emis-
sion from dust with a maximum temperature of 300-800
K (Malkan and Oke 1983). The same complication
arises in the unusually red spectra of a few heavily
reddened Seyfert 1 galaxies such as Mrk 231, which have
very steep infrared spectra that are predominantly ther-
mal (Rieke 1976).

V1. SUMMARY

Coudé spectroscopy and direct imaging have been
combined to estimate the starlight fluxes in the nuclei of
nine nearby Seyfert galaxies. The starlight colors agree
with those expected in early-type spiral galaxies. The
nonstellar continuum in low-luminosity Seyfert 1 nuclei
is similar to that of very luminous Seyfert galaxies and
quasars. It falls from the infrared to the visual roughly
as a power law with a slope of ~1.1 to —1.2. Except in
the least luminous Seyfert nuclei studied, there is also a
flattening before the Balmer limit, which has been at-
tributed to optically thick thermal emission. Even at
minimum brightness, there is no spectral steepening at
wavelengths less than 1 pm, ruling out a thermal origin
for the bulk of the 2 pm emission.

During the many nights required to obtain the data.
expert assistance was provided by Howard Lanning and
Jim Frazer at Mount Wilson, Skip Staples and Bob
Griffith at Palomar, and Oscar Duhalde. Fernando
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W. L. W. Sargent for private communication of unpub-
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APPENDIX

LINE PROFILES AND NEW EMISSION LINES

The data obtained for this investigation have also
been used in a study of the emission lines in Seyfert
galaxies. Although a detailed analysis will be presented
elsewhere (Filippenko and Malkan 1983), a few conclu-
sions are briefly discussed here.

Several new emission lines have been identified in the
coudé spectra. One is He 11 A8237, in NGC 4151 (Fig.
3). Careful examination of Figure 1 in Grandi (1978)
reveals that the feature may also be present in NGC
1068, NGC 4051, and Mrk 335, but this must be con-
firmed with spectra of higher quality. In principle, He 11
A8237 can be used together with He 11 A4686 as a
reddening indicator; the signal-to-noise ratio in our
data, however, is not sufficiently large.

A stronger and more puzzling line in NGC 4151 is
at A ~8617 A. It is parrow, and therefore probably
corresponds to a forbidden transition. Several spectra
obtained by J. B. Oke (1983) confirm the presence of
this line. The most likely identification is [Fe 11} A8617,
which is also visible in the Eta Carinae nebula
(Thackeray 1953) and in the Orion nebula (Grandi
1975; Danziger and Aaronson 1974). A considerably
broader feature appears at approximately the same
wavelength in NGC 1068 (Fig. 3), but the width is
consistent with that of other forbidden lines in this
object.

Still another line which (to our knowledge) has not
been previously reported in Seyfert galaxies appears at
A~5120 A in NGC 4051, 4151, 7469, and possibly
1068. Although its exact identification is unknown, it is
probably a forbidden line from a highly ionized species,
since [Fe vii1] emission is strong in these galaxies. The
feature also appears in NGC 6741 and IC 418 (Aller
and Walker 1970), two planetary nebulae which exhibit
lines from multiply ionized elements, but surprisingly it

may be absent in other high-excitation planetary nebu-
lae (Kaler 1976).

With high spectral resolution, we can investigate line
profiles and small differences in the width and redshift
of lines which represent a wide range of excitation. Such
studies will provide information concerning the kine-
matics and geometry of the gas and dust in Seyfert
nuclei. For example, the width of the [Fe vii]+[Ca V)
A6087 line in NGC 1068 and NGC 7469 is considerably
greater than that of [O 1] A6300, and in Mrk 335 the
widths differ by a factor of 2-3. A similar increase in
line width with increasing ionization potential of the
corresponding ion has been noticed in several other
Seyfert galaxies (Osterbrock 1981; Pelat, Alloin, and
Fosbury 1981) and indicates that the cloud velocity
dispersion is greatest near the central source of ionizing
radiation. Moreover, the difference between the redshift
of emission and absorption lines in NGC 1068,
which was first noticed by Burbidge, Burbidge, and
Prendergast (1959), is confirmed, and slight discrepan-
cies are evident in other objects as well.

A search for broad wings in the emission lines has
also been conducted. For example, NGC 1068 may have
a very faint, broad component of HS which qualitatively
resembles that of Seyfert 1 galaxies. Similarly, the HB
profile in NGC 5548 has three distinct components: one
corresponds to the narrow forbidden lines, another has a
width which is typical of that in type 1 Seyfert galaxies,
whereas the third may extend redward of [O m1} A5007
and is reminiscent of the extremely broad wings seen
in broad-line radio galaxies (Osterbrock, Koski, and
Phillips 1976). Finally, it is possible that very weak
wings are present in the [O 111] A4959, 5007 lines of
NGC 4151, but this must be confirmed in future inves-
tigations.
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The most incomprehensible thing about the world

is that it is comprehensible,

Albert Einstein
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ABSTRACT

New optical spectra show that the nucleus of the SO galaxy NGC 7213
resembles those of type 1 Seyferts: emission lines such as [Ne V]A3426,
He II 24686, and broad Ha are visible, and a nonstellar component
accounts for a substantial portion of the continuum at blue and
ultraviolet wavelengths. On the other hand, many of the emission-line
intensity ratios suggest heating due to shocks, since they are similar
to those in Heckman’s "low ionization nuclear emission-line regions”
(LINERs). Lines from neutral and singly—ionized species are promiment,
and high temperatures seem to be implied by the unusually large strength
of [0 III]lA4363. This investigation demonstrates that the spectral
characteristics are much more consistent with photoionization by a
nonstellar continuum than with shock heating.

To avoid serious errors in line strengths, the strong stellar
component is accurately removed by subtraction of an appropriate
template galaxy. Widths of the remaining emission 1lines range from
~ 200 to ~ 2000 km s_l (FWHM), indicating that clouds having different
bulk velocities exist in the narrow-line region. Large differences are
seen even in 1lines which arise from the same species, such as
[0 II123726,3729 (~ 300 km s 1) and [0 II]JA7319,7330 (~ 1000 km s 1).
Since the 1latter (auroral) pair is enhanced in gas of high density
(~10% cm™3) while the former (mebular) lines are dominant where

3y, physically distinct clouds having vastly

densities are low (~ 10° cm™
different densities are present and contribute unequally to the mnebular
and auroral components of [0 II]. This conclusion also applies to the

transauroral and nebular lines of [S II], and is supported by a tight
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correlation between 1line width and critical density (y « Qe(crit)lls)
for 16 forbidden lines.

The observed ratio R = I([0 III]A4959+5007)/1([0 ITIIA4363) = 6.65

cannot be reproduced at any reasonable temperature unless
3, »10°°% em™3. If I, ~ 16000 K (as in hot photoionized gas), then

8, ~ 106'4 em 3, and values exceeding 107 cm™3  are likely if the
enhancement of auroral over nebular compoments in clouds of very high
density is considered. This is much larger than the value of ~ 500 cm—3
implied by the I([S II]JA6716)/I([S II]A6731) intensity ratio, and
exceeds the density mnormally ascribed to the narrow-line regions of
Seyfert galaxies (103—105 cm’s). Given the great range of densities in
NGC 7213, models involving photoionization by a nonstellar continuum are
able to reproduce the observed spectrum. High temperatures are not
implied by the [0 III] ratio, and a rather low ionization parameter can
give rise to strong emission from neutral and singly-ionized species.
Moreover, the observed relationship between cloud velocity and density,
which is consistent with clouds in Keplerian orbits and a nearly
radius—independent ionization parameter, can be understood in terms of
the two-phase model of quasar emission—line regions developed by Krolik,
McKee, and Tarter. The individual clouds must be optically thick to the
Lyman continuum so that each of them includes every ionization stage up
to a certain level. High velocities and densities are found closer to
the nucleus than low values.

These results may be relevant to LINERs as & class, since the small
value of R which is sometimes observed could be indicative of high

densities rather than high temperatures. This would eliminate the major

argument in favor of shock heating in LINERs, whose observed spectra are
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adequately explained by photoionization models in all other respects.

Subject headings: galaxies:individoal (NGC 7213)--galaxies:nuclei-—

galaxies:Seyfert—-—1line profiles——spectrophotometry—

radiation mechanisms
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I. INTRODUCTION

NGC 7213 is a nearby SO galaxy associated with an X-ray source
(Halpern and Filippenko 1984, hereafter Paper II). Phillips (1979)
showed that its nucleus exhibits broad Ha emission characteristic of
Seyfert 1 galaxies, but that the Ha luminosity of ~ 2 x 1041 erg s1
(ﬂo = 50 km s'l Mpc_l) is low for type 1 Seyferts. He also noted the
absence of obvious broad Hf emission and the prominence of the stellar
continuum,

The mnarrow-line spectrum is of unusually 1low excitation;
[0 IXI1IA5007, [O XIIA3727, and [0 IlA6300 have comparable intensities,
and strong [S IT1A6716,6731 and [N IY]116548,6583 are visible as well.
Heckman (1980) identified these properties in a large number of galactic
nuclei (including NGC 7213) known as "LINERs,” and such objects received
further attention from Stauffer (1982) and Keel (1983a,b). The spectra
of LINERs resemble that of NGC 1052, en E3/S0 galaxy in which shock
heating (Dopita 1977; Shull and McKee 1979) was proposed to explain the
low-excitation lines (Koski and Osterbrock 1976; Fosbury et al. 1978).
Consequently, the emission in LINERs is generally attributed to shocks
(e.g., Baldwin, Phillips, and Terlevich 1981). On the other hand, many
LINERs are strong X-ray sources (Halpern and Steiner 1983), and their
spectra have recently been reproduced equally well with models involving
photoionization by & power—-law continuum and a low number of ionizing
photons per nucleon, or "ionization parameter” (Ferland and Netzer 1983;
Halpern and Steiner 1983). In addition, careful measurements of
[0 IIT]1A4363 in NGC 1052 (Keel and Miller 1983; Rose and Tripicco 1984)

imply a lower temperature than found in previous investigations,
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indicating that shocks might not be mnecessary. Thus, the origin of
activity in these galaxies remains unclear.

Features common to both Seyfert galaxies and LINERs make NGC 7213
an important object for closer scrutiny. Moreover, Figure 2 in Phillips
(1979) indicates that some forbidden limes have different profiles and
might provide imsight into the physical conditions. In order to shed
light on the line excitation mechanism, new X-ray and optical spectra
were obtained. X-ray data and the overall_continnnm from radio through
X~ray energies are described in Paper 1I, whereas a detailed analysis of
the optical emission lines is presented here.

Section II describes the observations and presents a brief overview
of the spectrum. The stellar component is carefully subtracted in
§III, and §IV subsequently discusses the measurement of various
emission 1lines in detail. Important physical parameters are derived in
§V& The Seyfert characteristics of NGC 7213 are reviewed in §VI. and
its shock features are reconciled with photoionization models. The
arguments may apply to other LINERs as well. Section VII explores
theoretical models that can help explain the relationships discovered
emong the emission 1limes, and major conclusions are summarized in

§ viII.
II. THE OPTICAL SPECTRUM

a) Observations and Reductions

NGC 7213 was observed on 1982 August 16-18 UT with the Intensified
Reticon (Shectman and Hiltner 1976) attached to the Boller and Chivens

Cassegrain spectrograph at the Las Campanas 2.5 m duPont reflector. Two

1

Bausch and Lomb gratings, each having 1200 grooves mm -, were used in
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first order to obtain 3 spectra at € 2.5 1 resolution. The integration
times (s) and wavelength ranges were (1800, 1400, 3000) and
(AA3100-4985, 4455-6355, 5675-7570), respectively. A GG420 filter
blocked out second-order light in the red spectrum. Sky subtraction was
achieved by measuring the object and sky simultaneously through each of
the two entrance apertures (2” x 4”) separated by 27.4”. Outer regioms
of the galaxy produced very little contamination of the sky aperture.
Wavelength calibration was made possible by recording the spectra
of various comparison arcs, and a dispersion of ~ 0.15 )\ was obtained by
fitting a fifth-order polynomial to the centroids of unblended emission
lines. Measurements of atmospheric limes showed that zero—point offsets
were likewise very small (< 0.2 L. The Reticon was exposed to a
featureless continuum for a long period of time to facilitate the
calibration of pixel-to—-pixel variations in the detector sensitivity,
and a series of integrations made with different intensity levels
demonstrated that continuum coincidence losses were negligible.
Calibration of the overall spectral response on the AB79 scale of
Oke and Gunn (1983) was achieved by comparison with the faint standard
stars GD-248 and G158-100 (Filippenko and Greenstein 1984), which are
nearly featureless. Since they are located near the celestial equator,
the long dimension of the entrance aperture was aligned along the
atmospheric refraction to minimize relative light losses (Filippenko
1982a). The observations of NGC 7213 were made when the air mass was
< 1.1, so a single orientation (E-W) was chosen to ensure that nearly
identical regions of the galaxy were sampled each night. At all times
the seeing was ~ 1", and 2 of the 3 nights were photometric.

Application of a constant scaling factor to data from the cloudy night
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produced excellent agreement in continuum shape with the other spectra.
The derived absolute flux is uncertain by ~ + 25%, however, since the

standards were measured through a 2” x 4" aperture (as was NGC 7213).

b) Brief Overview

The entire optical spectrum of the central 340 x 680 pc2 of
NGC 7213 (Ho = 50 km s"l Mpc_l). obtained by adding together the three
separate spectra, is presented in Figure 1. Data points in overlapping
sections were combined in proportion to their statistical weights, A
Gaussian with 4.4 & full width at half-maximum was used to smooth the
displayed spectrum, so an unresolved emission line should appear as a
spike with thickness comparable to the markers which identify
interesting features. Telluric absorption lines were not removed. A
Galactic extinction AZ = 0.05 mag (A, ~ 3.2Bp y), which is an average of
the values derived from Burstein and Heiles (1982) and from Heiles and
Cleary (1979), was adopted to dereddem the spectrum. The Whitford
(1958) reddening law was used by fitting a quadratic polynomial over the

range AA3000-8000 to points tabulated by Lequeux et al. (1979) and

Burgess (1958).

Generally speaking, the spectrum resembles that obtained by
Phillips (1979). Forbidden 1lines of neutral, singly-, and
doubly—-ionized atoms are prominent, and Ha exhibits both narrow and
broad components, the latter significantly redshifted with respect to
other features. A corresponding broad HB 1lime is weak. The strong
underlying continuum is indicative of an old stellar population, but it

does not dominate the spectrum to the extent noted previously by

Phillips (1979) because of the smaller aperture used here.
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An obvious feature is the large range in width of the forbidden
lines. [0 I126300 is roughly twice as broad as either of the
[S I1126716,6731 lines, for example, and [0 III]JAS5007 is considerably
broader than the blended [0 II]A3726,3729 doublet. Even more remarkable
is that in some cases different lines arising from the same ions have
disparate widths, as can be seen by comparing [0 II]JA3726,3729 with
[0 TII])7319,7330. This clearly indicates that the 1lines are not
produced by the same gas; rather, clouds having different bulk
velocities must be present, each one contributing to the emission—-line
spectrum in a manner dictated by local physical conditioms.

Lines of Ne+4 and He*, as well as the broad Balmer profiles,
suggest that a nonstellar continuum similar to that in active galactic
nuclei of high luminosity comprises a significant fraction of the flux
at blue and wultraviolet wavelengths. Moreover, Paper II shows that a
decomposition of the continuum into a "standard” giant elliptical galaxy
(Yee and Oke 1978) and a power—law spectrum (fV « g %) results in a
nonstellar component which accounts for at least 50% of the flux at
A3300. The best fit is obtained if the observed continuum of NGC 7213
is initially dereddened by é! ~ 0.61 mag; in this case, the mnonstellar

component (a = 1.1) dominates over the starlight at wavelengths shorter

than 13950 (see Paper II).
III. THE EMISSION LINES

8) Subtraction of the Stellar Continuum

The intensities and profiles of emission lines are strongly
affected by absorption limes from the bulge stars of NGC 7213, as shown

in Figure 1. Since "two-dimensional” data taken through a 1long slit
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were not available, the starlight was removed by subtracting the
spectrum of a different galaxy instead. IC 4889, the adopted template,
is a bright S0;,,(5) galaxy (Sandage and Tammann 1981), and its spectral
type, metallicity, and stellar velocity dispersion are quite similar to
those in NGC 7213. Veak Ha, [N II]A6548,6583, and [0 II]A3727 are the
only emission limes visible.

Data were obtained at Las Campanas on 1983 August 13-14 UT in the
manner used for NGC 7213, and a composite was formed from two separate
spectra of the nucleus. Blueward of ~ 4500 | the resolution (FWHM) is
£2.5 1 in the composite, but redward the contribution of a second
spectrum with € § )\ resolution 4is significant. Since the velocity
dispersion in IC 4889 is roughly 200 km s—l. the absorption lines are
resolved in each individual spectrum, and the effective resolution is
approximately uniform in the composite. The data were dereddened under
the assumption that the Galaxy produces Av ~ 0.10 mag in the direction
of IC 4889 (Burstein and Heiles 1982).

Although spectra of IC 4889 and NGC 7213 closely resemble each
other, the apparent metallicity of the former is higher than that of the
latter. This is partly due to the mnonstellar componment in NGC 7213
(Paper II), and comparable metallicities were found after its removal.
To decrease remaining discrepancies, the flux in all pixels within e
given section of IC 4889 was scaled by an appropriate amount, and a
"featureless” component whose shape represents the absorption—free
continuum was added or subtracted in order to bring the flux density
back to the level of the true continuum., Thus, absorption lines in the
modified spectrum had roughly the same equivalent width as corresponding

lines in NGC 7213.
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It was also necessary to adjust the continuum of IC 4889 so that
its shape is nearly identical to that of NGC 7213. Differences may have
been caused by subtracting an incorrect amount of mnonstellar component
from the spectrum of NGC 7213, or by incomplete removal of the reddening
in either galaxy. The adjustment was made by i) dividing the spectra
into several sections of width ~ 400 X, ii) marking regions in both
spectra where emission lines are present (or suspected to be present) in
NGC 7213, iii) fitting a quadratic or cubic to the ummarked points in
each section, and iv) rescaling the continuum of IC 4889 at every pixel
with the local ratio of the two fits. The spectrum of the template was
subsequently subtracted from that of the object. Since the same regioms
were excluded from the polynomial fits in both galaxies, and since the
order of the fit in a given section was also the same, this approach was
objective and produced a reliable removal of the stellar compoment. As
a check, many regions devoid of emission were treated as though they
actually do contain emission hidden among the numerous absorption lines,
and no spurious features were discovered. Longward of ~ 5500 L the
signal-to-noise ratio of the template was not sufficiently high to be of
great use in the subtraction.

Figure 2 illustrates the results. Emission 1lines only barely
noticeable in the original spectrum rise prominently above the flat
baseline. Excellent examples are [N I]A5198+5200, whose small width
provides a striking contrast with [0 III], and He II A4686. Not omnly is
the broad component of HB clearly visible, but a similar one is present
in Hy and possibly H5, There is no evidence of the Fe II emission often
seen in Seyfert 1 galaxies (Phillips 1978). Noise in the net spectrum

is somewhat greater than 21/2 times that in either of the original
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spectra due to small differences in the velocity dispersion,

metallicity, and spectral type of each galaxy.

b) Measurements of Emission Lines

Various parameters were measured from the net spectrum shown in
Figure 2¢, and from the red portion of the original spectrum.
VWavelengths were determined by minimizing the absolute value of the
convolution of each 1line with the derivative of a suitable Gaussian
(Schneider and Young 1980). Since some emission lines (e.g.,
[0 IIIIA5007) exhibit weak, very mnarrow components in addition to
broader blue wings, Gaussians having small dispersions were used to
obtain accurate wavelengths for the peaks of lines, whereas larger
dispersions gave better estimates of the 1line centroids. In all
measurements the redshift of the galaxy (v = 1769 km 1), as given by
Sandage and Tammann (1981), was removed. This systemic velocity is
consistent with the value of 1789 km s"1 recently derived by
cross—correlations of absorption—line spectra (Sadler 1984).

Intensities were obtained by integrating the flux in all pixels
between the endpoints of each line. In many cases these were compared
with values determined from the Ganssian which best approximates the
given profile. For each line a weighted average based on an appraisal
of the two methods was adopted. Full widths at half-maximum (FWHM) were
also determined manually and from fits with symmetric functiomns, and are
reasonably well defined. The full width at zero—intemnsity (FWZI),
however, was usually measured less precisely, as it strongly depends on
the signal-to—noise ratio in the wings of a linme,

The results of various measurements are given in Table 1. Listed
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for each line is the laboratory wavelength, the difference between the
laboratory wavelength and that of the 1lime centroid, the difference
between the laboratory wavelength and that of the 1line peak, the

dereddened (A = 0.05 mag and A, = 0,61 mag) intensity relative to

A
X

I([0 III]IA5007), the FWHM, the FWZI, and the number of km s 1 A1 at the
line. Many of the quantities were derived by the use of specisl

techniques discussed in the next section.
IV, DETAILED ANALYSIS OF BLENDS

a) 0T N IT], Ho, [S IT

Figure 38 illustrates Ha and the remarkable differences in the
widths and profiles of [0 I1A6300,6364 and [S IIIr6716,6731. The
absence of emission from highly ionized Fe elsewhere in the spectrum
argues against contamination of [0 I]JA6364 by [Fe X]1A6374, and the
similar profiles of [0 IJA6300 and [0 X]A6364 suggest that [S III]lA6312
is also not strong. Moreover, the relative intensity of the two [0 I]
lines agrees with theoretical predictionms.

The continunum was artificially removed in Figure 3b by fitting
cubic splines through selected points, since IC 4889 exhibits weak
emission lines of Ha and [N II]A6548,6583. Absorption features such as
the Ti0 band blueward of [0 IlA6300, the Ca + Fe line at ~ L6495, and
the B band were excised, but no attempt was made to account for Ha
absorption in NGC 7213. Gaussians were fit to [S II] and subtracted
from the spectrum, and the [0 I] profiles were approximated with cubic
splines. Figure 3@ shows Ha after removel of [N II]J. It was assumed
that 1) I(IN II]A6583)/I(IN IIIA6548) = 3.0, ii) Ar = 35.4 }, and

iii) the 1lines are Gaussians whose width is equal to the average of the
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[S II] emission, as suggested by their appearance and by the expectation
that roughly the same clouds produce these lines.

The narrow and broad components of Ha merge smoothly, and it 1is
difficult to distinguish unambiguously between them. Two local maxima
are visible, and the absence of strong absorption in this spectral
region, together with the similar appearance of HB (Figure 3f), makes it
likely that the secondary peak is intrinsic to the profile. Figure 3d
also illustrates the decomposition of the profile into 6 individual
Gaussians (e.g., Pelat and Alloin 1980, 1982). The overall fit is
excellent (Figure 3¢), and the relevant parameters of each component are
given in Table 2. The physical significance of all these Gaussians 1is
questionable, however, since the FWHM of HP is noticeably smaller than
that of Ha. If the decomposition of Ha is repeated with the physically
reasonable requirement that one component resemble the core of HB, a
total of 7 Gaussians is necessary to produce a fit whose accuracy is
comparable to that of the 6-component fit. Failure to remove stellar Ha
affects fluxes by only a few percent and does not change this result, as
Balmer 1lines are generally weak in E and SO galaxies. Thus, great
physical significance should not be ascribed to all of the individual
components. Only a few general conclusions, such as the existence of an
asymmetrical broad component and the variation in Balmer decrement with
velocity (Shuder 1982), can be drawn with confidence.

Some evidence for temporal variations may be found by comparing
Figure 3 with previously published results. In particular, the "valley”
visible in Ho and HB is not present in the spectrum taken by Phillips
(1979) in 1978. This rather small change is well within the

theoretically allowed variability, especially for such a low—luminosity
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b) H 0 IIX

Inspection of Figures 1 and 2a suggest the presence of a broad Hp
component similar to that seen in Ha. Parameters of this line are
difficult to measure due to prominent Mg b absorption, but subtraction
of the template reveals a relatively clean profile.

Contamination of [0 ITI]A4959 was removed by fitting a cubic spline
through points thought to represent the red wing of HB. The spline was
required to vanish at the bottom of the "valley” between the [0 III]
lines (Figure 2¢) and to have a continwous first derivative. As a
check, this technique produced I([O0 III]JAS5007)/I([0 III]}r4959) = 2.83,
which is close to the theoretical prediction (2.96). In addition, the
[0 I11]24959 and [0 IXII]A5007 profiles are remarkably similar: a narrow
component is present at essentially the systemic velocity of
1769 km s°1, but the bulk of the emission is blueshifted by

~ 180 km s'l. as in many of the other forbidden limes.

c 0 I11], W

The blending caused by 1large intrinsic widths of Hy and
[0 ITI]A4363, together with the proximity of strong absorption
(Figure 4a), make it difficult to measure the individual 1lines unless
the underlying continuum is subtracted (as in Figure 4c). A broad
component of Hy is visible, and a narrow "spike” appears as well. The
former corresponds to those seen in Ha and HB, and the latter has a
counterpart in Ha (Gaussian C in Table 2), but not in HB. A narrow
component probably also exists in HB, but it is not visible due to an

imperfect match between the strengths of Balmer absorption 1lines in
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NGC 7213 and IC 4889,

One of the most important diagnostics of physical conditions is
[0 III]24363. Estimates of its shape and intensity were obtained by
assuming that the profiles of Hy and Hf are identical. HP was shifted
so that its peak coincides with that of Hy, and was subsequently scaled
to produce the best overall fit to the broad component. An inherent
assumption is that [0 III]A4363 does not have very extended wings that
merge with those of Hy. A scaling factor of 0.32 (Figure 4d) produced a
satisfactory fit and leads one to believe that the profiles of Hy and HP
are very similar. In Figure 4e¢, Hy was subtracted from the blended
line, 1leaving [0 III]A4363 and a small residual of narrow Hy emission
which was removed in Figure 4f.

Table 1 shows that [0 III]A4363 4is remarkably strong and also
somewhat broader than the related [0 III]A4959,5007 1lines. These
measurements play an important role in subsequent discussions, and it
must be stressed that they were probably not overestimated. It is
likely, however, that the derived strength of [0 III]JA4363 was too large
in a number of previous studies of LINERs, since Figure 4b clearly
demonstrates a high point in the normal stellar continuum precisely at
the position expected for [0 IIIJA4363. Failure to properly account for
the underlying stellar absorption 1limes therefore 1leads to serious
errors in the measured flux of [0 III1A4363, as emphasized by Keel and

Miller (1983) and by Rose and Tripicco (1984).

d) [S IT]), H5, [Ne III], He

A puzzling blend composed of [S II]A4069,4076 and HS is seen in

Figure 5a. There is no clear separation between [S II] and the extended
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red wing, whose centroid appears ~ 10-15 A blueward of its expected
position if it is H8. Weak [Fe V]A4071.5 might be present, but this is
improbable in view of the absence of additional Fe 1lines having
comparable strength (Osterbrock 1981).

The puzzle disappears when the stellar component, which contains a
high point at ~ A4088, is subtracted from NGC 7213. The blend breaks up
into several recognizable lines: [S II]JA4069, an HS line of comparable
width, and a very weak, poorly-determined broad component of Hd which
corresponds to the wings seen in Ha, HB, and Hy. The lines can be fit
well by Gaussians. Of course, a portion of the [S II] profile is due to
emission at A4076, which is calculated to be a factor of ~ 4 weaker than
[S II]1Ar4069.

Figure 5a also shows how [Ne III]JA3967 and He are hidden in the
strong Ca II H (23968) absorption line. There is a hint of
He I 23889 + H§ emission redward of [Ne III]A3869 as well, and these
weak lines are clearly visible in Figure 5¢c. The derived strength of
[Ne ITI]A3967 is roughly 0.30 that of [Ne III]A3869, in agreement with
theory. A broad component of He is probably present, but its small flux
cannot be measured due to comparable uncertainties in the procedure used

to remove the stellar component from this troublesome spectral region.
V. INTERPRETATION OF THE EMISSION LINES

To investigate the ionization mechanism im NGC 7213, it is
necessary to disentangle physically distinct regions by examining the
various widths and intensity ratios in Table 1; otherwise, conclusions
drawn from the data may be invalid. With this in mind, the relevant

electron densities and temperatures are now determined. Unless
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otherwise stated, all line intensities are dereddened with the Galactic
extinction A = 0.05 mag, since the value of 0.61 mag derived from an
analysis of the optical continoum may be inconsistent with the X-ray

measurements (Paper II).

a) Atomic Data

Theoretical emission—-line intensity ratios were calculated as a

function of n  and T, using detailed balance in ioms having 5 low-lying

levels in the ground state configuration (Kafatos and Lynch 1980).
Temperature—dependent collision strengths from the following sources
were used: Péquignot and Aldrovandi (1976) for [0 I], Pradhan (1976,
1978) for [0 II] and [S II], Baluja, Burke, and Kingston (1981) for
[0 III], Seaton (1975) for [N II], Pradhan (1974) for [Ne III], and
Giles (1979) for [Ne Vl. Sources for the transition probabilities were
Garstang (1968) for [0 I] and [Ne III], Nussbaumer and Rusca (1979) for
[N II] and [Ne V], Nussbaumer and Storey (1981) for [0 III], Mendoza and
Zeippen (1982) for [S II], and Zeippen (1982) for [0 II].

The critical demsity (gei(g;ig)) for each 1level i, above which
collisional de—excitation of the level is important (Osterbrock 1974),
was calculeated from

nierit) = 2. A/ Y gy (1)

where A‘j is the transition probability (from level i to 1level j) and

%;i is the collisional (de)excitation rate.

b) Line Widths

Table 1 demonstrates that the forbidden lines in NGC 7213 display a
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great range in width. An impressive example is provided by
[0 IX]1A3726,3729 and [0 IT]A7319,7330, which show that 1lines from the
same species receive different relative contributions from various
clouds. The same can be said for [S IT]126716,6731 and [S IX]A4069,4076,
as well as for [0 III]JA4959,5007 and [O ITI]A4363. This obviously
complicates the derivation of demsities, temperatures, and reddenings
from emission—line intensity ratios.

Line width increases systematically with the ionization potential
(X) of the corresponding ion in a few acti?e galaxies (e.g., Osterbrock
1981; Pelat, Alloin, and Fosbury 1981), and others are known in which
the ionization 1level 1is correlated with a, (e.g., Phillips 1978;
Osterbrock, Koski, and Phillips 1976). An increase in o, and the bulk
motions of <clouds with decreasing distance from the central source of
radiation is the probable cause of this. Although such an effect also
appears to be present in NGC 7213 (Figure 6), 1lines from the same
species but with markedly different widths suggest that X is not the
fundemental parameter. Rather, a physical varisble which in many cases
increases with X » but is also able to distinguish between transitions
from different upper levels in a given species, would be better.

A parameter satisfying these requirements is the critical density.

Indeed, Figure 7 illustrates the close relationship between the width of

a forbidden line and 1 _(crit) for the wupper 1level from which the
corresponding electron transitiom occurs. Lines associated with

6 cm3 are broader than those having small (~ 103 e 3)

o, (crit) ~ 10

values, and both the FWHM and FWZI obey the same relation
(v = (ge(crit))lls). obtained with unweighted linear least—squares fits.

Since there are few points at 1low 1 (crit), several of which are
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associated with large errors, a weighted analysis essentially uses only

the points at high 1 (crit) and gives a 1linear fit which is less

plausible than an unweighted one. Balmer lines are not plotted since

the effects of radiative transfer greatly complicate the interpretation

of n.(crit), but it is obvious from Table 1 that the observed general

trend continues if n, ~ 109 cm—3 is assumed for the broadest components.

Most of the scatter in Figure 6 is absent 4in Figure 7, and the
final correlation coefficients (z) of the fits are ~ 0.72 and ~ 0.92,
respectively. As usual, £ = 1.0 represents a perfect correlation,
whereas r = 0.0 for completely uncorrelated data. It is possible that
for a given value of Eg(g;ig) the average width of 1lines produced by
species having high X (e.g. [Ne VI, [0 III]) is slightly greater thanm
that of lines from species with low }f , but the number of lines is not
sufficiently high to allow a statistically significant comclusion.
Thus, in NGC 7213 the critical density is clearly the primary
discriminant, while x has only secondary importance.

Pelat, Alloin, and Fosbury (1981) suggested that the forbidden

lines in the Seyfert galaxy NGC 3783 may obey a similar relatiomship

between n_(crit) and width, but they did not measure lines produced by

low—-ionization species having large critical density (such as

[0 I106300,6364, [S II]A4069,4076, and [0 II]A7319,7330). Instead,

every line in their sample associated with a large n_(crit) is also

characterized by high X . and similarly for 1low values of X and

a (crit). Hence, the correlation they obtained between width and )(

was roughly as strong as that obtained between width and n_(crit), and
it was not clear which of the two parameters is fundamental.

The emissivity of gas is proportional to gez below ,(crit) and to
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B, asabove it. Thus, a given line is emitted most efficiently from gas

vhose density is close to n (crit), so emission lines can act as tracers

of

-

if the range is sufficiently large. Figure 7 implies that many

clouds with different bulk motions and densities exist in the
narrow-line region of NGC 7213. Dense clouds appear to be moving the
fastest, although it is not known a priori whether this motion is
turbulent or systematic.

Of course, the existence of distinct regions having widely
different densities and velocities has 1long been accepted as the
explanation for the presence of narrow forbidden and permitted 1lines,
together with broad permitted limes, in the spectra of Seyfert nuclei.
It is reasonable that in at least some galaxies substantial density
variations also exist among clouds which produce the narrow components.
In fact, forbidden lines of unequal width have been noticed in a number
of LINERs and radio galaxies (Heckman 1980; Danziger, Fosbury, and
Penston 1977), but NGC 7213 is the first example in which lines arising

from the same species are significantly different.

¢) Physical Conditions

The widths can be used to distinguish between different clouds.
[0 I1]23726,3729 and [S II]JA6716,6731 are comparable in width, so they
probably arise from roughly the same gas. If Ie = 104 K, the observed
ratio I([S IIIA6716)/I([S II1A6731) = 0.99 + 0.03 corresponds to
D, ~ 470 + 60 cm 3, in which case X([O ITIA3726)/I([0 IT1A3729) is
predicted to be ~ 0.97 + 0.04. Although the [0 II] doublet is

unresolved, this value is consistent with its symmetrical profile.

Densities which differ greatly from ~ 500 cm™3 are excluded — the
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3

intensity ratio is ~ 0.74 when B, = 100 cm and ~ 1.23 when

B, = 1000 em~3, and the [0 II] profile should themn be mnoticeably
asymmetrical.

Clouds which give rise to the mnarrow "nebular” ([0 II]JA3726,3729
and [S II]A6716,6731) doublets cannot possibly produce the "auroral”
([0 IX]A7319,7330) and "transauroral” ([S II]1)r4069,4076) lines
simultaneously, as shown in Figure 8 for [0 II]. The two blends are
drawn on the same velocity scale and are decomposed into their two major
constituents (each having the same width), under the assumptions that
I([0 IX1a7319)/1([0 IIIA7330) = 1.27 and
I([0 XIXI]A3726)/1I([0 II]A3729) = 1.00. The former ratio is almost
completely independent of 3, and T, whereas the latter represents the
best fit to the data and is consistent with the ratio 0.97 + 0.04
derived above. Clearly, the components of the mnebular doublet are
considerably mnarrower than the individual auroral lines, and therefore
cannot be produced by the same ioms.

If the broad [0 XIJA7319,7330 lines are produced by gas mnear its
critical density (~ 5.9 x 10% cm™3), then Figure 9 shows that the
corresponding components of [0 II]JA3726,3729 should be a factor of ~ 26
less intense if log T, = 4.0 (point A), and ~ 47 times weaker if
log Iﬁ = 4.2 (point B), assuming A, = 0.0 mag. The absence of this
broad component in Figure 8¢ is therefore not surprising. Similarly, if
the narrow nebular emission is produced in gas with n_ ~ 470 cm—3, then
the flux of this 1line should be ~ 40 times greater than that of the
corresponding narrow [0 IT]A7319,7330 if log I, = 4.0 (point C), and a
factor of ~ 20 greater if log Ié = 4.2 (point D). This component is

difficult to detect in Figure 8a due to the low signal-to—noise ratio,
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but the top half of the profile may be slightly too narrow in comparison
with the bottom half and the Gaussian fit.
The same reasoning applies to [S II]., If the broad transauroral

lines are produced by gas mnear n _(crit) ~1.7 x 106 cm’3, the

corresponding components of [S IIJA6716,6731 should be factors of ~ 33

and ~ 48 weaker (A =0.0) if 1log T, = 4.0 and log T, = 4.2,

respectively (Figure 10), and are undetectable in Figure 3b. Moreover,
if the mnarrow mnebular doublet is produced by gas with n_ ~ 470 cm_s.
then its strength should be ~ 12 times greater than the narrow component
of the transauroral lines if log Ie = 4.0 and a factor of ~ 7 greater if

log Ie = 4,2 . Nonzero reddening would lead to even larger factors.

Figure 5 indicates that [S II]A4069 might have a very small narrow core,
but this cannot be established with certainty.

Of course, if substantial quantities of gas exist at densities
between 103 cm—3 and 106 cm—s. one should expect to see many components
of various widths in the profile of a given line. In practice, these
usually cannot be distinguished because they blend with one another and
have roughly the same profile. A superposition of components with
different widths and intensities is probably present in [0 I]lA6300,6364,
however, as Figure 3b shows that the wings are much more extended then
those in a single Gaussian.

Additional evidence for the presence of densities 2 106 em™3 s
found from careful examination of the nebular [0 III]A4959,5007 and
auroral [0 III)JA4363 lines. Assume for the time being that all of the
[0 II1I] lines originate in the same clouds. Then a density estimate for

ott

the zone can be obtained from the ratio

R= I([0 IXI]A4959+5007)/X([0 III]r4363), even though this is normally
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used as a measure of the temperature (Osterbrock 1974). Indeed,
Figure 11 shows that the observed value (R = 6.65) cannot be achieved
unless n, is at least ~ 105'5 cm'3, for any reasonable temperature.
Within the range 10000 ¢ Ig £ 25000 K (4.0 < log T, < 4.4) the density
must be between 10° and 107 em™3. If I, = 16000 K (log I = 4.2), which
is near the high end in Seyfert galaxies (Koski 1978), then
n, = 106'4 cm—3. The derived density becomes still higher if relative
intensities of emission lines are corrected with Av = 0.61 mag, as
suggested by the continuum decomposition (Paper II). This startling
result clearly demonstrates that enormous differences in density must
exist in the forbidden—line gas of NGC 7213.

Similar arguments could be applied to [N ITIA5755 and [0 IIAS5577,
but these nondetections do not provide useful edditional constraints on
Qg and Iﬁ. The situation could change if an absorption template were

accurately subtracted from this spectral region.

It is important to mention that high n_ in the 0'" zone exists in

e
several broad-line radio galaxies (Osterbrock, Koski, and Phillips 1976)
and low-redshift QSOs (Baldwin 1975): the small value of R in 3C 390.3,
3C 382, PKS 0837-12, and PKS 1217+02 indicate that a, 2 106 cm 3. These
galaxies are cases of extreme activity, and their Balmer 1lines are
generally broader than those in classical type 1 Seyferts. There has
previously been no conclusive evidence that such 1large densities are
also found in the narrow-line regions of less luminous Seyferts or in
LINERs, however. The observed ratios
log {I([0 III]A4959+5007)/I([Ne III]A3869+3967)} = 0.47 and

log R = 0.82, for example, place NGC 7213 in the lower left corner of

Figure 1 in Heckman and Balick (1979), suggesting n, ~ 106'6 cm"3 and
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Ie ~ 13000 K. Almost all other objects im Figure 1 have a lower

density, and the two exceptions are peculiar in that the derived Ie

seems unreasonably low (Ie £ 7500 K).

The density estimate for the o't zone was made under the assumption
that all 3 of the [0 III] lines are produced in the same clouds, but
Table 1 and Figure 7 show that [0 III]A4363 is broader than the nebular

lines. Since regions with n, ~ 107 em3 produce more [0 III]A4363

(n,(crit) ~3 x 107 em™3) relative to [0 III]A4959,5007

3

(Ee(ctit) ~7.9 x 105 cm3) than those with n, ~ 106 cm ¥, a single

value of the density cannot, strictly speaking, be obtained from the

observed ratio R. The quoted value of 106'4 o::m"3 is biased toward high

densities, and a more reasonable interpretation is that n, 2 107 cm'3 in

3

clouds which produce most of the auroral line, whereas n_<« 106 em ° in

Ze 2

those from which a majority of the nebular emission arises.

7

The existence of a region with n_ ~ 10 cn~3 (as for [0 III]A4363)

implies that Balmer emission should be enhanced relative to

[0 III]A4959,5007 in NGC 7213 (Péquignot 1984). This occurs because n,

is considerably greater than n_(crit) for [0 III]A4959,5007. Thus,

while Balmer emission is proportiomal to n 2 at n, ~ 107 cm'3, nebular

[0 ITII] is only proportional to B, , so the former should be stronger
relative to the 1latter than in the low-density (ge ~ 105-10% em™3)
clouds normally found in the mnarrow-line regions of active galactic
nuclei. Figure 2¢  shows that this is true in NGC 7213:
[0 ITIXI]74959+5007 is roughly a factor of 4.4 stronger than the
corresponding component of HB, noticeably smaller than the value of
10-20 generally found in Seyfert 2 galaxies (Koski 1978) and in the

narrow-line regions of type 1 Seyferts. Of course, part of this
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decrease in [0 III] is also doe to the 1low ionization parameter
generally associated with LINERs,

These results unambiguously demonstrate that large density
variations among clouds of gas in the narrow—line region of NGC 7213
play an important role in determining the emission—line spectrum, and it
is inferred that other galaxies, such as NGC 1052 (Keel and Miller
1983), might be similarly affected. Lines of a given element which
arise from different stages of ionization may mnot mnecessarily be
directly compared in photoionization and shock models, and in
classification schemes (e.g., Heckman 1980; Baldwin, Phillips, and

Terlevich 1981). Even different lines produced by the same ion can

originate in regions having substantially different physical conditioms.
Evidence for this based on relative intensities has been presented in
several previous investigations (e.g., Heckman and Balick 1979), but
NGC 7213 is by far the most convincing case to date since it also
exhibits a variety of profiles. Thus, one must exhibit cauntion when
deducing physical parameters such as reddening (Malkan 1983a), density,
and temperature. It is also not a simple task to use the line strengths
in photoionization models, since most of these are too simplistic (e.g.,
constant density or pressure) to allow for the different observed

conditions in NGC 7213.

d) Geomet and Kinematics
In NGC 7213 line widths are correlated primarily with the density
rather than the ionization state. Such a situwation can arise if
individual clouds of differing densities are all optically thick to

Lyman continuum radiation, since several different stages of iomizatiom



- 47 -

are represented in each cloud.

If clouds move freely in the potential well of a massive central
object, and if they are in pressure equilibrium with a hot confining
medium (§VII§). then the densest ones should be closest to the nucleus
and have the greatest velocities, Figure 7 and the measured wavelengths
of emission lines are consistent with this, but dust must be present in
the c¢louds to provide selective obscuration. In particular, narrow
lines such as [S IIJA6716,6731, as well as the very weak, narrow
components of broader lines (e.g., [0 ITI174959,5007) share the systemic
(absorption line) velocity of NGC 7213, whereas Table 1 shows that the
broad components of forbidden lines (especially those associated with
high ionization potentials) are systematically Dblueshifted. One
interpretation is that the dense clouds have substantial radial motioms.
Suppose that dust survives in the neutral and singly-ionized zomnes, but
not in the hot regions where [Ne III], [0 III], and [Ne V] are produced.
The high-ionization 1lines will be seen preferentially from the
illuminated faces of clouds beyond the continuum source. If most of the
clouds are approaching the nucleus or emit primarily during the inward
leg of a Keplerian orbit (as in the model of Carroll and Kwan 1983:
§VIIg), then the high—-ionization lines will be blueshifted. [0 I], on
the other hand, which is produced throughout the neutral, dusty region
will have no preferred direction. Lines of [0 II] and [S II] may or may
not exhibit net blueshifts, depending on the distribution of dust and on
the cloud kinematics; in NGC 7213, the aurcoral and transauroral
components are slightly blueshifted, while the nebular ones are not,
emphasizing once again that not all 1lines are emitted from the same

clouds (§‘Vg). It is also possible that the narrow peaks of emission
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lines, including those of [0 III] mentioned above, might be produced in
a "reservoir” of 1low-density gas which is far from the nucleus, moves

rather slowly, and does not suffer from as much obscuration by dust.

e) The Balmer Decrement

It is not possible to obtain separate Balmer decrements for each of
the Gaussian components of Ha in Figure 3e. The flux within the entire
profile of a Balmer line is therefore computed, with the exception of
the very mnarrowest component of Ha (Gaussian C in Table 2) and Hy (the
"spike” in Figure 4c). The observed decrement (Galactic Av = 0.05 mag

removed) is

I(Ha)/XI(HB)/I(Hy)/I(H3) = 6.20/1.00/0.35/0.12 .
If the Balmer lines are produced purely by recombination, then at an
average density of 107 cxn"3 and a temperature of 1.5 x 104 £ the Case B
decrement should be (Brocklehurst 1971)

I(Ha)/I(HB)/I(By)/I(HS) = 2.76/1.00/0.47/0.26 ,
which differs significantly from the observed one. A  standard
assumption .is that dust reddens the lines, in which case I(Ha)/I(HB),

I(Hy)/I(HB), and I(HS)/I(HB) imply Av ~ 2.2, 2.0, and 3.5 mag,

respectively. The 1last of these is very uncertain due to the weakness
of H5, but the first two show good agreement, so Av = 2.1 mag is

adopted. This exceeds the value év = 0.61 mag obtained for the
continuum. Such a discrepancy is common, particularly in broad-line
radio galaxies (Osterbrock, Koski, and Phillips 1976).

At high densities, however, self-absorption (Netzer 1975) and
collisional excitation (Kwan and Krolik 1981) also produce substantial

deviations from recombination theory. They probably play some role in
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NGC 7213, since an extrapolation of the optical nonstellar continuum

beyond the Lyman limit is inadequate to produce the observed Balmer

emission (corrected with A = 2.1 mag). In particular, the Ha flux

expected with the (a, A)

(1.1, 0.61) continnum decomposition

discussed in §IIQ (and derived in Paper II) and a covering fraction
< 0.3 (Paper II) is £ 3.0 x 10713 erg s71 cm2, which is a factor of
2 30 smaller than the dereddened (Av = 2.1) observed flux.

On the other hand, if part of the differemce between the observed
and theoretical decrements is not caused by dust, or if the covering
fraction is larger, the calculated shortage of iomizing photonms becomes
less severe. Moreover, there is no guarantee that the simple
extrapolation used above is valid, especieally in 1light of Péquignot's
(1984) recent arguments favoring a pronounced maximum in the continuum
blueward of the Lyman limit in the LINER NGC 1052. Evidence for a
similar feature in NGC 7213 is provided by the possible UV bump”
(Paper 1I), which may be due to thermal radiation from a hot
(T ~ 8 x 104 K) accretion disk (Malkan 1983b; Péquignot 1984). Hence,
there may in fact be very 1little discrepancy between theory and
observations.

It is interesting to note that NGC 7213 is consistent with Shuder’'s
(1981) strong correlation between the flux of Ha and that of the
nonthermal continuum at A4800 in radio galaxies, type 1 and 2 Seyfert
galaxies, and QSOs. This provides good evidence fq; photoionization,
even though the NGC 7213 data, corrected for Galactic extinction
(A! = 0.05 mag), show a deficit of nonthermal flux in comparison with
the average of Seyferts. The deficit is within the range observed by

Shuder (1981), however, and is reduced substantially if an extinction of
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0.61 mag (Paper II) rather than 0.05 mag is assumed. The "UV bump”
discussed above and advocated by Malkan (1983b) and Péquignot (1984) can

probably account for the remaining discrepancy.

f) Ultraviolet Emission Lines

Wu, Boggess, and Gull (1983) noted that the
I(C IV A1550)/I(C III] A1909) ratio of 1.9 in NGC 7213 is unusually low
in comparison with the average of 5 for Seyfert 1 galaxies. The
strength of these lines relative to HB (Table 1) suggests that they are
produced in a region whose ionization parameter (U) is ~ 1072 (Halpern
1982), as expected for the broad—lime region. It would be important to
measure their widths and compare them with the optical forbidden 1lines

to test this hypothesis.
VI. LINERs: PHOTOIONIZATION OR SHOCKS?

Photoionization models involving nonstellar power laws have enjoyed
considersble success at explaining the emission 1lines in Seyfert
galaxies and QSOs (e.g., Boksenberg and Netzer 1977; Ferland 1981),
especially following the incorporation of improved cross sections for
charge-exchange reactions (Butler, Heil, and Dalgarno 1980). In some
cases, however, the strong [0 III]A4363 line relative to
[0 1I1)24959+5007 is thought to imply temperatures too 1large to be
compatible with photoionized gas. The prototype is NGC 1052, which
Fosbury et al. (1978) concluded is heated by shocks. Based on their
spectral similarity to NGC 1052, Heckman’s (1980) LINERs are also often

regarded as shock heated (Baldwin, Phillips, and Terlevich 1981). On

the other hand, the strengths of several 1lines in the spectrum of
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NGC 1052 are inconsistent with this (Ferland and Netzer 1983).
Moreover, Halpern and Steiner (1983) and Ferland and Netzer (1983)
demonstrate that photoionization models having remarkably few free
parameters provide adequate agreement with observations if U is low
enough. In fact, they see a continuity between the characteristics of
Seyferts and LINERs which can be reproduced by a systematic variation of
U. LINERs, for example, show strong emission from neutral and
singly—-ionized species due to relatively low values of U and/or high
covering fractionms. |

This simplicity is a tremendous virtue of the power—law hypothesis.
Nevertheless, it has been questioned because of its apparent inability
to explain the derived temperatures. But a frequently overlooked fact
is that high temperatures result only under the assumption that the
density in the ott region is comparable to that deduced from the
[0 I11A3726,3729 and [S IIlA6716,6731 doublets, which is typically
~10%-10* en™3. In N6C 7213 this is clearly not the case: n_ is
between 106 and 107 cm"s. and it must be emphasized that the observed
[0 IIX] intensity ratio cannot be reproduced at any reasonsble
temperature if n, $'105'5 em™3 (Figure 11). Photoionization models

therefore can account for the [0 III] intensity ratio in NGC 7213, since

an excessive Ie is not implied. Moreover, the 1lines produced by

elements in low stages of ionization also have a well-understood origin,
as their relative intensity ratios do not markedly differ from those in
LINERs and Seyfert galaxies.

Although shock models can also reproduce many of the observed
relative intensities of lines, they do not readily (if at all) explain

the presence of [Ne VIA3426 and broad Balmer emission, and the power-law
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component visible in the optical spectrum also should be absent.
Moreover, Paper II demonstrates that the X-ray spectrum of NGC 7213 is
represented by I# « 4’0'72 + 0.12, yhich is similar to that in many
Seyfert galaxies. The compact, flat-spectrum nuclear radio source, "UV
bump,” and characteristic shape of the continuum from IR through X-ray
wavelengths are additional features that have counterparts in other
active extragalactic objects (Paper II). Finally, after accounting for
the range in gas densities only He II A4686 appears considerably wesaker
than the value predicted by photcionization models, but this is often a
puzzle even in classical Seyferts. A possible solution has been
discussed by Péquignot (1984), whose calculations include the effects of
a sharp decrease in the number of iomnizing photons at energies above
~ 3-4 ryd.

Thus, there can be little doubt that gas mnear the nucleus of
NGC 7213 is ionized predominantly by nonstellar radiation, although
Filippenko (1982b) originally conjectured that shocks may be
significant. Of course, some shock heating is almost certainly present
given the high observed velocities of clouds, but the effects of the
jonizing continuum are probably dominant. The spectrum differs from
that of normal Seyfert galaxies due to the Ilower ionization parameter
and wider range of densities in its narrow-line region. In particular,
clouds with 1n_ ~ 105-107 cm™3 produce strong [0 I1A6300,6364,

[0 II11A4363, and other lines associated with high values of n_(crit).

An important point to remember is that obvious differemces in 1line
width provided the major indication that several distinct regioms
contribute to the emission—line spectrum in NGC 7213, The analysis was

straightforward beceuse 1lines originating in regions having different
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densities were not used to derive physical parameters. A number of the
LINERs studied by Heckman (1980) show similar behavior (Filippenko
1984), so NGC 7213 1is not nunique. Furthermore, Péqnignot (1984)
actually uses measured intensity ratios to predict that the gas density
in the nucleus of NGC 1052 is stratified in the manner reported here
(see §‘VII). There is no & priori reason to suppose, however, that such
a clear demarcation of various clouds must occur in every LINER, In

particular, regions of high and low n

R, need not have markedly different

velocities. If the narrow-line clouds are moving ballistically away
from the nucleus, for example, then the equation of mass continuity
implies that n, « £f2 (where r is the distance from the nucleuns),
whereas the velocity is roughly independent of r. Hence, other galaxies
may contain clouds having dissimilar density  whose relative
contributions to particular emission lines are not equal, but until now
there was no compelling reason for this assumption.

In light of the simplicity of the photoionization hypothesis and
its success at explaining the wide range of behavior seen in active
galactic nuclei, it would Dbe worthwhile to conduct detailed
investigations of many LINERs. If the same conclusions can be drawn for
a substantial number of cases, then it is possible that a majority of
active galaxies are powered by nonstellar rediation produced near a
massive central object, as suspected by Keel (1983a), Ferland and Netzer

(1983), and Halpern and Steiner (1983).
VII. THEORY

a) General Considerations

A successful model for the forbidden lines in NGC 7213 must account
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for the correlation ©between their width and critical density,

0.1910.02 7y, following discussion is based on the

FWHM « n_(crit)
assumption that photoionization by a nonstellar continnum is the major
source of energy input, as argued in §VI. It is also assumed that the
FWHM of & 1line represents the bulk motion of clouds whose density is
equal to the critical density for that 1line. Figure 7 therefore

indicates that }g

) - (#) 2

represents an approximate relation between cloud velocity and density if
the units of n and v are cxn"3 and km s'l, respectively.
Consider clouds in Kepleriam orbits, for which v = ;fllz. One can

—1£f2

transform r via U <« Ln , where U is the ionization parameter and L

is the ionizing luminosity. As long as L is constant over a dynamical
timescale, v = (gﬂ)1/4. Equation (2) is therefore consistent with
Keplerian orbits in which U is constant or a very slowly varying
function of . In particular, U must change by less than a factor of 10
while n varies by 104.

Approximate constancy of U is an important result of the two—phase
model of emission—~line regions in QSOs (Krolik, McKee, and Tarter 1981,
hereafter EMI), since it reproduces the narrow range actually observed.
The broad-line clouds are confined in pressure equilibrium with a hot
intercloud medium which is Compton heated by & hard X-ray continuum, and
two-phase equilibrium is possible only for a narrow range of U dictated
by the atomic physics. This model will be extended to the narrow-line

region of NGC 7213, and the existence of a hot confining medium will be

demonstrated. Much of what follows parallels discussions im KMT and in
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Krolik and Vrtilek (1984).
For calculational convenience, the ionizing continuum is
represented by a power law with an exponential cutoff at high energies.

Specifically,
-1

y oy ) -2 -y -1 (3)
- ) Pl Y erg ¢cm § z

fy = 3; (1@) ( Yu 3 !

where % = 1 ryd, % = 104 ryd, and £ is the flux density at the Lyman

limit (observed at the earth). U is the dimensionless ratio of ionizing

photon density to nucleon density n at the face of & cloud:

2 0 2
U = d N g i‘!_ dy = % d (¢)
cnr Y, hy chnr? )

where d is earth’s distance from the object. The dynemical time scale

is |
%,

J[dﬁ" - _5' = %(c:nu) . (5)

For NGC 7213, d = 35.4 Mpc and io

~ 0.67 mJy (extrapolating the power

law in Figure 1b of Paper II to the Lyman limit), so
3 6 ! -3 !
{ o leou (_!_(L)(m_)é (IO )/2. . (6)
dyn ~ v n V) )

In the absence of a confining mechanism, a cloud of radius & will expand

at roughly the sound speed with time scale torp = 2/2; . Thus,

4 9& 4
Lep ® 6nl0 ("r‘) (Eﬁ)(n) . M

vhere Ny ~ ap is the column denmsity. If T = 10* K and Ny ~ 10
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(Ewan and Krolik 1981; Halpern and Steiner 1983), and if U= 3 x 1073

is typical for LINERs (Halpern and Steiner 1983), then t,yp, is shorter
than gd a for n 3 60 cm_3- Clouds would therefore not survive even one

crossing time in the absence of a confining mechanism.

Cold clouds may be confined by a hot intercloud medium (referred to
by the subscript h) provided that o, T, is large enough. Its minimum
density may be derived by assuming that evaporation of the clouds
themselves is the only source of gas. Suppose spherical clouds of

radius & are uniformly distributed with filling factor E (or covering

fraction F_ = 3rF./4a). The equilibrium intercloud density n; is given

by

v, fro= § 0 [t , ()

where ¥, is the velocity with which the intercloud gas 1leaves the

system. Substituting E  and equation (7) into equation (8), it is found

(2w’

A medium of this density would be sufficient to confine the mnarrow-line

that \
/s
n, * 2+10 F, (-—;%q)

clouds provided it could be heated to Ii 2 106 K. The required heat
input to the confining medium can be provided by photoiomization, which

for Th ~ 106 K has the rate T} ~ 10723 erg emd3 571 (EMT). The

heating time is then

tkea."‘ = % x "““Oq (Ih‘)(-l-p-q-) s, (10)

which is comparable to Loyp but much shorter than the crossing time.
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This heating mechanism represents & point of departure from models
of the broad-line region. Gas cannot be heated to the Compton
equilibrium temperature of ~ 108 X since the heating time for the
Compton process is much longer than the dynamical time scale of the
narrow-line region. Instead, the equilibrium Ii may be estimated by

balancing the photoionization heating and dynamical times. Combining

equations (2), (6), and (10), and invoking pressure equilibrium between
the hot medium and cold clouds (aT = gﬁzh) yields

v () () ()" e 0

Therefore the temperature range of the hot medium is approximately
2x106¢T ¢9x10°K if 103 {ng3 x10 em 3 and U= 3 x 1073,
Note that “coronal” emission lines of [Fe X] and [Fe XIV] should be
negligible since the gas is much more highly ionized than thermal plasma
of similar temperature.

The allowed range of ionization parameter in pressure equilibrium
is determined by the atomic physics and the spectral shape of the
continuum radiation, so it should be comparable for the broad- and
narrow—-line regions. For QSOs, KMI found 0.3 < EZ < 10, where = is
proportional to the ratio of radiation pressure to gas pressure and may
be somewhat 1lower in LINERs (as suggested by the discussion in
subsection b). For the spectrum of equation (3),

y 2
- _ _d° 5 Lo = 5, % 4 Lo (X (12)
- cnk Tr gy 5"’ enkTr? (%) ’

l

where 1@ = 1 ryd and 1{ = 103 ryd. Since the clound temperature

T ~ 104 x, equations (4) and (12) can be used to obtain

U= tIE/Lw(%‘-) s 0.0 = . (13)
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Hence, 3 x 1073 ¢ U< 10"1, in reasonable agreement with observations.
The angular size of the emission-line region can be derived from

equation (5):

9= =12 (13\—3- )'/1 (-'%—3-)‘/2 arc sec . (1)

This predicts that the region should be unresolved for n 2 103 cm™3.

b) Comparison with Existing Models

A constant U, in conjunction with any kinematic model involving
Keplerian orbits, produces a ¥ « 21/4 dependence, and it is encouraging
that the observations agree so closely with this "dimensional” argument.
Shock models, on the other hand, have difficulty expleining this
behavior; they predict no correlation, or at best a continmunity, in the
velocity of clouds which produce the [0 I], [0 II], and [0 III] lines
(among others).

Several detailed models of the mnarrow-line region have recently
been proposed. One of these (Carroll and Kwan 1983, hereafter CK)
considers clouds in gravitational infall (parabolic orbits) and
explicitly predicts that the line width should increase with n,(crit).
The assumptions of the model include confinement by an isothermal medium

2. so that U remains constant with r., In addition, the clouds

and n = 1
remain optically thick at all radii so that all ionization stages up to
a certain level are present at all velocities., Clouds at a ~ 106 cm~3,
for example, cannot be optically thin to the Lyman continuum, because
then [0 I]A6300,6364 could not be produced at high velocities. Outflow

models tend to produce optically thin clouds, so in this case line width

might correlate better with ionization state than with critical density.
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The line widths predicted by CK agree well with the observed
velocity widths, except that CK assume &a relatively strong, narrow
component (FWHM ~ 250 km s 1) in each line, which is supposed to arise
in a reservoir of 1low-density gas. The net effect is to drastically
reduce the variation of FWHM relative to that of the FWZI. No
significant differences between FWHM and FWZI are observed in Figure 7,
which argunes against a large reservoir of 1low-density gas. The line

intensity ratios predicted by the model are also not in good agreement

with observations of NGC 7213, since parameters of the model were
obviously adjusted to best fit the “"average” Seyfert galaxy, whose
ionization level is higher than that of LINERs., Note, however, that the
predicted ratio I([O XIIIJA5007)/I([0 IXI]A4363) = 5 for the infalling
clouds alone (neglecting the mnarrow-lime reservoir) agrees perfectly
with the observations (Table 1).

CK successfully explain the blueshifted centroids of forbidden
lines, which are especially prominent among [Ne V], [Ne III], and
[0 III]. Although the clouds are in Keplerian orbits, emission during
outflow is much weaker than that from the inward leg. If the clouds
contain appreciable quantities of dust, then infalling clouds on the far
side of the continuum source will be preferentially seen, resulting in a
net blueward asymmetry. As discussed inm §V§. this asymmetry mneed mnot
be present in all of the lines. It is also entirely consistent with a
constant value of U, particularly since various 1lines are emitted by
different clouds. Furthermore, U can vary by up to a factor of ten in
NGC 7213 (§'VII£), thereby producing additional stratification in the
line-emitting zones.

The CK model applies only if gravity dominates over radiation
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pressure, and hints that the property which distingunishes NGC 7213 and
other LINERs from "normal” Seyfert galaxies may be an abnormally low
ratio of ionizing flux to central mass. For an optically thick clound it

is necessary that

M> L;o,‘/("lnchHNH) g, (15)

where By is the mass of a hydrogen atom and L; . is the luminosity
between 1 and ~ 100 ryd. Thus,

22 .
Mo Lz xid ('0 )( L'°"> (16)
NH

43
Mg 10

end M ~ 2 x 107 Mg would be sufficient for gravity to dominate in

NGC 7213 (L ~1.5 x 1043 erg s1), The mass derived assuming

=ion
Keplerian orbits and U= 3 x 1073 is ~ 4 x 108 Mg, consistent with
Equation (16). This simple argument neglects other forces, such as drag
by the hot intercloud medium.

Krolik and Vrtilek (1984, hereafter KV) discuss a dynamical model
which consists of an outflowing hot wind in a logarithmic potential.

The clouds are assumed to be entrained in the wind, and 1line profiles

are generated for both adisbatic and non-adiabatic flows. Although KV

do not explicitly consider the effects of a_(crit) in calculating 1line
profiles, some restrictions can be placed on the parameters of their
model. Only the adiabatic solutions agree with the observations in that
they decelerate with increasing r, and a consequence of this is that the
temperature of the hot medium cannot increase with radius. In additionm,
the flow is likely to be supersonic everywhere since the sound speed in

& gas having I, = 106 K is only ~ 100 km s1. The adiabatic, supersonic
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solutions have the property that U is nearly independent of r, whereas y
decreases slowly. These are exactly the conditions which are inferred
from the observed line widths, so that the KV model could in principle
be made consistent with the data. Since KV display only one supersonic
model, adjustments in additional parameters will be necessary in order
to test for quantitative agreement. It also remains to be seen if the
outflowing clouds can remain optically thick over a sufficient range in
radius to maintain species having low ionization at both low and high
velocity.

A similar model is presented by Carleton (1984). Gas which
produces the broad lines flows radially into the narrow-line regions (or
vice versa), and the emission of the gas 1is integrated over its

lifetime. Carleton (1984) correctly predicts that the widths of

forbidden lines should increase with n_(c¢rit), and the calculated
profiles of emission lines resemble those in NGC 7213 (especially is the
case of [0 I]A6300,6364). These predictions are also made by Péquignot
(1984), and the density stratification on which his models are based is
strongly supported by the observations of NGC 7213.

To conclude, it appears that simple kinematic arguments can account
for the general behavior of velocity width versus critical density.
Detailed fitting of the line strengths and profiles may in the future
discriminate between the various dynamical models which have been
proposed. At present, the model by CK seems to most mnaturally explain

the data in a quantitative manner.
VIII. SUMMARY

New optical spectra of the nearby SO galaxy NGC 7213 are analyzed.
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Due to the presence of a very strong stellar component, a major effort
is made to accurately subtract the optical spectrum of an appropriate
template galaxy, yielding the uncontaminated emission—line spectrum.
Failure to properly remove the absorption lines in previous studies of
similar galaxies is probably responsible for overestimates of the
strength of weak lines such as [0 III]A4363, which is situated at a high
point in the normal stellar continuum.

The following conclusions are drawn in this study:

1) Many of the main characteristics of type 1 Seyfert galaxies are
exhibited by the nucleus of NGC 7213. These include broad Balmer
emission and forbidden lines of highly iomnized species. In addition,
Paper II reports the presence of a power—law X-ray spectrum, significant
nonstellar flux at optical wavelengths, and possibly a "UV bump.” By
analogy with classical active extragalactic objects, photoionization is
clearly the gas excitation mechanism., On the other hand, the great
strength of [0 III]A4363 relative to [0 III]A4959+5007 is reminiscent of
the high temperatures seen in shock-heated gas, and initially seems
inconsistent with photoionization by 8 nonstellar continunum.
Furthermore, prominent emission from neutral and singly-ionized species
suggest that the gas may be heated by shocks.

2) The observations are reconciled with photoionization models by
the discovery that densities of order 106-107 cm™3 exist in the
narrow-line region. At such high densities, auroral [0 III]A4363
emission is greatly enhanced even at the usual temperature of
photoionized gas (~ 104 K). Moreover, strong lines from many species of
low ionization are produced if the ionization parameter is small and the

density is high,
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3) Low-density clouds are also present in the emission-line region,
as shown by the relative intensities of the nebular [0 II] and [S II]
doublets. These lines are much narrower than the auroral and

transauroral compomnents of the same species, whose widths are comparable

to those of [0 III]. This implies that clouds having very different
bulk motions and densities exist near the nucleus of NGC 7213. Such
diversity in the narrow-line region is unprecedented inm the study of
active galactic nuclei.

4) There is a strong correlation between the width of an emission
line and the critical density of the upper 1level f£from which the
corresponding electron transition occurs. Since any 1line is most
efficiently produced at densities near or just above the critical value
if a sufficiently large range of densities is present, this supports the
conclusion in (3).

5) The observed relationship between velocity width and density
(y = g;/s) is consistent with clouds moving in Keplerian orbits while
maintaining a mnearly constant ionization parameter. This can be
understood by a patural extension of the two—phase model of QSO
emission—line regions. Strong density stratification is a feature of
several other theoretical studies as well.

6) The Balmer decrement indicates Av = 2.1 mag in the absence of
other effects. A simple extrapolation of the nonstellar continuum
(derived in Paper II) to UV wavelengths is inadequate by roughly a
factor of 10 to produce the dereddened Balmer intensities even if the
covering fraction is unity, so collisional excitation and radiative
transfer probably alter the Case B decrement. Additional ionizing

photons from the "UV bump” can alleviate any remaining discrepancy.
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7) This investigation may contain the key to the nature of LINERs,
whose spectra have been well explained by photoionization models except
for the high temperature (I£225000 K) sometimes derived from the
nebular to anroral [O III] intensity ratio. Due to this discrepancy,
and to the strong lines from mneuntral and singly-ionized species,
emission in LINERs has often been attributed to heating by shocks. On
the other hand, if high densities and large ranges in density are
present, as in the case of NGC 7213, the temperature of the ionized gas
need not be high to explain the relative line intensities.
Photoionization by a mnonstellar continuum is then the most likely
mechanism of gas excitation, and the low-ionization lines indicate that

the ionization parameter is lower than in classical Seyfert galaxies.
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TABLE 1

Properties of Emission Lines in NGC 7213

1 2 3 4 5 6 7 8 9
Line A(lab)  Ai(cen.) AA(peak) 1/1(N2) /1) FVHM FWZI = s~1a71
(* blend) (L) } §) 3 ) (4, = 0.05) (A, = 0.61) & ¥
cIv 1549.5 .es - 6.802 13.2% .es ver 193
CIII] 1908.7 ..o ves 3.59* 6.93* e s 157
[Ne V1 & 3345.83 -3.93P . 0.046+0.021 0.061 17.9+4.5 46.0+14.5 89.6
[Ne V] 3425.87 -1.27 . 0.142+0.026 0.184 22.3+2.6 61.9+8.8 87.5
3726.05
[0 II] » -0.40° 0.08° 0.429+0.011 0.516 7.140.5 20.1+2.5 80.4
+ 3728.80
[Ne IXI] 3868.76 =-2.16 ~0.46 0.342+0.021 0.410 15.9+0.9 50.1+4.3 71.5
He I *  3888.65
... ... 0.091+0.028 0.108 15.5+2.0 45.0+7 77.1
+ Hf *  3889.05
[Ne IXI]* 3967.47
.. ... 0.140+0.026 0.164 17.342.6 43.0+10.6  75.6
+ Be *  3970.07
4068.60
[S II] » -0.70%f - 0.21740.022 0.251 17.0+2.0 46.0+7 73.7
+ 4076.35
He * 4101.73  -1.618 .es 0.165:0.0662 0.190 11.0+3.0 2449 73.1
By * 4340.46  -0.708 0.40 0.51640.052" 0.571 2549 190+40 69.1
[0 III} * 4363.21  -4.21 .en 0.203+0.020 0.224 23.343.6 67.0+12 68.7
He II 4685.75  -0.95 . 0.064+0.032 0.067 25.5+6 63+15 64.0
Hp 4861.33 -1.438  -0.33 1.435+0.060 1.462 28+10 250+40 61.7
[0 III} 4958.92  -2.32 0.08 0.353+0.020 0.355 20.5+2.0 56.0+8.4 60.5
[0 II1} 5006.85 -3.45 -0.05 1.000+0.025 1.000 19.4+1.0 64.9+4.5 59.9
5197.94
[NI]» -0.51¢ vee 0.044+0.015 0.043 3.540.8 11.0+2 57.7
+ 5200.41
He I 5875.64  -0.7 cer <0.091 <0.081 15410 40425 51.0
[0 1] 6300.32  -0.52  -0.12 0.825+0.029 0.705 14.5+1.1 59.9+3.8 47.6
o 1) 6363.81 0.29 0.59 0.278+0.019 0.236 13.8+2.0 $3.947.0 47.1
IN 1113 * 6548.06 0.32 ves 0.160+0.024 0.133 7.2+1.5 23.5+4.6 45.8



{(Table 1, continued)

Ha * 6562.79 0.21%  -0.19 9.04+0.041 7.50! 45420 420450
IN II] ¢ 6583.39 0.32 . 0.47940.072 0.396 7.241.5 23.5+44.6
IS 111 6716.42 0.50 vee 0.267+0.006 0.218 7.440.5 23.8+1.3
s 111 6730.78 0.22 vee 0.269+0.006 0.220 7.0+0.5 22.9+1.3

7319.1
[0 II] * -1.19° ... 0.371+0.037 0.288 25.242.9 65.049.3
+ 7330.2

45.7
45.5
44.6

44.5

40.9

Notes to Table 1

Column 1: Identification of species. Asterisks indicate major blends.

Column 2: Lab wavelength, in air (vacuwem A for CIV, CIII]). Bowen (1960) source of most lines.

Column 3: A(observed centroid) - A(lab). Typical error ~ + 0.5 K, worse for weaker linmes.
Systemic velocity ¥ = 1769 km 51 removed.

Column 4: A{observed peak) - A(1ab), given only if differs significantly from Colwmn (3).

Column 5: Dereddened (A = 0.05 mag) flux relative to [0 III]A5007 = N2 = 2.119 x 10713ery

Column 6: Dereddened (A, = 0.61 mag) flux relative to [0 ITT]JA5007 2 N2 = 3.768 x 107 13erg

Relative errors similar to those in Column (5).
Column 7: Full width at balf-maximum (instrumental width removed).
Column 8: Full width at zero—intenmsity (instrumental width removed).
Column 9: Em s~1 31 at the given ), for comparison of line widths and velocity shifts.
%Derived from Wu, Boggess, and Gull (1983),
bAl calculated relative to [Ne V], but contamination by [Ne IXI]A3342.5 possible.
SClose doublet. AA calculated relative to average laboratory A.
dBe I badly blended with Hf; uncertain relative strengths. AA mot calculated.
®[Ne III] blended with He; uncertain relative strengths. AA not calculated.
f[S II] doublet unresolved. AA relative to average lab A, assuming X(4069)/1(4076) = 4,

BRefers to component with width comparable to that of [0 III]AS5007.

s'lcn”%

s lem™2

h20—251». 20-25%, and ~ 40% of this total flux in HB, By, and H6 (respectively) is due only to

the compoment described in (g).

iUppet limit —— line may be detected, but large uncertainty.

anrnmeters of [N II]A6548 fixed relative to [N II]A6583.
kRefers to Gaussian D in Table 2.

lﬂa absorption removed to first order, but pot with template galaxy IC 4889.
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TABLE 2

Parameters of Ha Decomposition®

Relative Flux®
Gaussian amplitude a e (1) (10714erg s71lcm2)
A 1.00 6481 42 .4 4.21
B 2.07 6516.5 25.9 5.27
C 7.81 6562.6 5.65 4.27
D 15.0 6563 50.6 73.6
E 4.91 6585 184 86.8
F 3.14 6645 50.6 15.0

%See Figure 3d.

bInstrnmental resolution (FWHM ~ 2.5 1) not removed.

c
Dereddened, Av = 0.05 mag.
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FIGURE CAPTIONS

Figure 1: The dereddened optical spectrum of the central 2” x 4" of
NGC 7213, smoothed with a 4.4 A (FWHM) Gaussian, is shown onm a
logarithmic wavelength (linear velocity) scale. As in all other spectra
illustrated here, the systemic velocity of 1769 km s1 (Sandage and
Tammann 1981) was removed. Intensities are 1limear, but the absolute
calibration is nuncertain by ~ + 25%. Over the range ~ AA3700-6800 the

S/N ratio is so high that most features are real.

Figure 2: Spectra of (a) NGC 7213, (b) a template galaxy, and (c) the
emission—line component of NGC 7213 obtained by subtracting (b) from
(a), are plotted on a logarithmic wavelength (linear velocity) scale.
All 3 spectra in each half are shown on the same ordinate scale, but the
zero—point offsets differ to improve <clarity, and the scale of the
bottom half is twice that of the top. The nonstellar continuum is
absent in (a), and the metallicity and general continuum shape of
IC 4889 were adjusted to roughly match those of NGC 7213. The Galactic

extinction (Az = 3.222_1 = 0.05 mag) was removed in the emission—1line

spectrum (¢). [0 IIIA3727 emission in IC 4889 is not shown in (b).

Figure 3: (a) The spectrum of NGC 7213 near Ha is shown on a linear
velocity scale. In (b) the stellar continuum and obvious absorption
lines (except Ha) are removed. Note the markedly different profiles of
[0 I] and [S II], which are removed in (¢). [N II] is excised next (d),
leaving only the asymmetrical Ha. A least—squares fit with the minimal
number of Gaussians necessary to yield acceptable residuals (e) is also

shown (see Table 2). Each of the 6 components cannot be physically



- 74 -
significant, however, since the HB profile (£f) has a narrower core.

Figure 4: Spectra (a), (b), and (c) represent a small section of
Figure 2. [0 III]A4363 and Hy are blended in (a), and are contaminated
by absorption lines. The template galaxy (b), which 1lacks emission
lines, is drawn on the same relative intensity scale but offset for
clarity. It is subtracted from NGC 7213 in (c), revealing the presence
of broad Hy emission that has a close counterpart in the HB profile (d).
HB is scaled so that the red and blune wings match those of Hy, and in
(e) it is subtracted from the blend. VWhat remains is largely
[0 IIX]24363, but a small, narrow Hy 1line is also visible. After
removing the remaining Hy (f), a Gaussian is fit to [0 III]1A4363. The

approximation is satisfactory, as shown by the residuals (g).

Figure 5: The top 3 spectrs represent a portion of Figure 2, Strong
absorption 1lines preclude accurate measurement of most emission in
NGC 7213 (a), dbut IC 4889 (b) provides a close approximation to the
stellar component. The net emission—line spectrum of NGC 7213 is shown
in (¢), revealing the [Ne III]A3968 + He blend which was previously
hidden by Ca II H absorption. Similarly, although a high point in the
stellar continuum blends [S II]A4069+4076 and H6 in (a), the emission
lines are well resolved in (c), and a broad component of H§ is visible
as well. Gaussians (d) are used to represent the emission 1lines,

leaving very small residuals (e).

Figure 6: Log FWHM is plotted against log'x for each forbidden 1line,
where X is the ionization potential of the corresponding species.

Widths and errors are taken from Table 1. An unweighted 1inear
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least—-squares fit formally indicates the presence of & correlation
(correlation coefficient £ = 0.72)., Several lines from the same species
but with markedly different widths (e.g., [0 IXI], [S II]), however,

f fundamental significance, and

demonstrate that the correlation is not

that ?ﬁ is at most a secondary parameter.

Figure 7: Log FWHM (filled squares) and log FWZI (open <circles) are

plotted against log B,(crit) for each forbidden lime, where n,(crit) is
the critical density of the upper level from which the corresponding
transition occurs. Widths and errors are taken from Table 1, and
uncertainties in theoretically calculated critical densities may be of
order + 25%. Unlike Figure 6, in which there is considersble scatter,
the least—squares fits indicate high correlation coefficients
(r = 0.92). Note that 1lines from the same species but with markedly

different widths strengthen the correlation. Since gas emits a 1line

most efficiently when it is near n_(crit) for that line, clouds with

different bulk motions and densities must exist in the mnarrow-line

region.

Figure 8: [0 II]A7319+7330 (a) and [0 II]A3726+3729 (c) are plotted omn
the same velocity and relative intensity scales. The blends are
decomposed into their two major constituents, each having the same
width. The true width of a 1line is obtained by removing the
instrumental resolution from the observed width. Components of the blue
doublet are considerably mnarrower than the individual red lines, and

cannot be produced by the same clouds.

Figure 9: The logarithm of the theoretical intensity retio of mnebular
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to auroral [0 II] emission (A, = 0.0) is plotted as a function of log T

for a range of densities. Dashed lines represent the low— and
high—density 1limits. Points A and B show that the intensity of broad
[0 I1123726,3729 lines from clouds which give rise to the broad auroral
lines in NGC 7213 is negligible at reasonable temperatures. Similarly,
points C and D indicate that the narrow components of [0 II]JA7319,7330

should be difficult to detect.

Figure 10: The theoretical ratio of nebular to transauroral [S II]

emission (A = 0.0) is plotted in the same manner as in Figure 9, and

the interpretation of points A, B, C, and D is similar as well.

Figure 11: The theoretical intensity ratio of nebular to auroral
[0 II1] emission (R) is plotted as a function of log Ie for e range of
densities and zero reddening. Dashed 1lines approximate the 1low— and
high-density limits. In NGC 7213, the observed value R = 6.65 cannot be
produced at any temperature unless n, 2;105'5 em™3 in clouds which
produce the [0 III] emission. At I ~ 16000 K, the average density is
~ 106+4 cm™3, and the true values are probably 2 107 cm™3 and 5,106 cm3
in regions which produce most of the auroral and mnebular lines,

respectively. The average density can vary between 10%and 107 em 3 for

the large range 4.0 < log { 4.4.
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CHAPTER 3

The Nonstellar Continuum of the Seyfert Galaxy NGC 7213.

J. P. Halpern and Alexei V., Filippenko

To be published in The Astrophysical Journal, 1984 Oct 15.
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Deep in the human unconsciouns is a pervasive need
for a logical universe that makes sense.

But the real universe is always one step beyond logic.

"The Sayings of Maud’'Dib”
by the Princess Irulan

Dune, Frank Herbert
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ABSTRACT

Optical spectrophotometry of the mnearby Seyfert galaxy NGC 7213
reveals that nonstellar radiation accounts for at least 50% of the
observed continuum at A3300. A formal decomposition of the continuum
into a power law of index 1.1 (where g, « ¥ ¢) and the spectrum of a
giant elliptical galaxy suggests that the true nonstellar flux may be
substantially larger if reddening is allowed. The derived visual
extinction (Aﬁ;) is ~ 0.61 + 0.2 mag, of which only ~ 0.05 mag is 1likely
to be Galactic.

X-ray spectra obtained with the IPC and MPC on the Einstein
Observatory are approximated by a power law with a = 0.72 + 0.12 and

Ny € 2.5 x 100 om 2. The equivalent A of < 0.12 mag is less than that

found from the optical analysis. This discrepancy might be resolved by
the emission of substantial bremsstrahlung radiation at temperatures
less than 1 keV from a hot medium which confines the forbidden-line
clouds.

Published observations at radio, IR, and UV wavelengths are
combined with the mnew data to produce the overall continuum, which is
similar to that of other type 1 Seyferts. A UV bump” may be present.
Since NGC 7213 bhas one of the highest ratios of X-ray to optical
luminosity among active galactic nuclei, it extends a previously
established trend to low-luminosity objects. The ionizing continuum of
NGC 7213 is of great importance in attempts to explain the optical
characteristics of  LINERs, which it resembles because of the

low-ionization emission lines and flat-spectrum radio source.
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I. INTRODUCTION

Marshall et al. (1979) found that the nearby (v = 1769 Im s1) so
galaxy NGC 7213 1lies within the error box of the HEAQO A-2 X-ray source
H2209-471, but the large size of the box (~ 0.6 x 2.8 degz) rendered the
association of the two objects uncertain, Subsequent optical
spectrophotometry by Phillips (1979) demonstrated the presence of broad
Ha emission similar to that found in Seyfert 1 galaxies, making
identification with the X-ray source highly probable. On the other
hand, Phillips (1979) saw no evidence for a substantial nonstellar
continuum at optical wavelengths. The X-ray luminosity of
~3x10% erg 61 (B =50 xm s Mpc™!) in  the 2-10 keV band
(Marshall et al, 1979) is smaller than that of most type 1 Seyferts and
narrow—-line X-ray galaxies (Halpern 1982; Mushotzky 1982), but larger
than that of type 2 Seyferts (Kriss 1982). A second HEAO A-2 scan
obtained 6 months after the first showed that the intensity of the
source had increased by ~ 70% at a confidence level of ~2¢
(Piccinotti et al, 1982), ©providing additional support for the
association with a compact Seyfert nucleus. NGC 7213 was detected
during pointed observations with the HEAO 1 scanning modulation
collimator (Dower et al. 1980), and Kriss (1982) reported a luminosity

of 1.1 x 10 erg s in the 0.5-4.5 keV band with the Imaging

Proportional Counter on the Einstein Observatory. The Ha luminosity of

~2 x 1041 erg s_l. however, is 1low for a Seyfert 1 galaxy (Phillips
1979).
The optical spectrum exhibits features common not only in type 1

Seyferts, but in Heckman's (1980) "low ionization nuclear emission-line
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regions” (LINERs) as well. Although emission in LINERs has often been
attributed to heating by shocks, a detailed analysis of the forbidden
lines by Filippenko and Halpern (1984, hereafter Paper I) shows how the
spectral characteristics of NGC 7213 can be reconciled with
photoionization by nonstellar radiation. An important key is the
discovery of clouds having densities of order 109-107 cm~3 in the
narrow—line region.

In this paper, the optical continuum of NGC 7213 is decomposed into
stellar and nonstellar components, and the Qpectrum at X-ray energies is
derived from observations made with the Moanitor Proportional Counter
(Gaillardetz et al. 1978) and Imaging Proportional Counter
(Giacconi et al, 1979) on the Einstein Observatory. Ultraviolet,
infrared, and radio observations published elsewhere are then combined

with the new data to produce the overall continuum.
II. THE OPTICAL CONTINUUM

a) Standard Galaxy plus Power Law

Paper I describes the optical observations in detail, Briefly,
spectra having 2.5 4 resolution were obtained with the Intensified
Reticon on the 2.5 m duPont reflector at Las Campanas Observatory.
Although relative intensities are accurately calibrated over most of the
observed range, the absolute flux is uncertain by ~ + 25% because of the
small size of the aperture (2" x 4").

Prominent emission of [0 I], [0 II], [O IXII], [S XI], [Ne III], and
Hl are visible, and the strong absorption 1lines in the underlying
continuum reveal the dominance of an old stellar population typical of

those seen in the bulge of other SO and Sa galaxies. On the other hand,
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emission lines produced by such highly ionized species as Net4 indicate
that nonstellar radiation may form a substantial fraction of the optical
flux. Furthermore, the continuum is considerably bluer than that of
galaxies which exhibit no signs of unusual activity, and the broad
Balmer lines resemble those in quasars and type 1 Seyferts.

The continuum of NGC 7213 was therefore decomposed into a standard
~a)

galaxy and a power-law spectrum which is presumably of

(iva:
nonthermal origin (e.g., electron synchrotron radiation). A more
general analysis (e.g., Malkan and Sargent 1982; Malkan 1983) was not
possible because of the very limited wavelength range of the data, but
the procedure was similar to that done by Goodrich and Osterbrock
(1983), Yee and Oke (1978), and others. The galactic component was
represented by the "average” giant elliptical used in a study of radio
galaxies by Yee and Oke (1978). Such an object is a fairly good
approximation to the bulge of SO and Sa galaxies; its main drawback is
that the continuum is probably somewhat redder than the integrated
starlight in the mnucleus of NGC 7213. This leads to a slight
overestimate of the nonstellar component and/or an underestimate of the
reddening. The spectrum of the standard galaxy was transformed from the
AB69 magnitude scale to the recent AB,g scale (Oke and Gunn 1983), since
AB,, was used to flux-calibrate spectra of NGC 7213.

Regions containing emission lines were ignored, and the resolution
was degraded to that of the standard galaxy. Only the index (a) and the
ratio of nonstellar flux to total flux at 15460 (log ¥ (Hz) = 14.740)
were varied in a least-squares fit to the dereddened spectrum of

NGC 7213. It was discovered, however, that the decomposition is mnot

sensitive to a, since nonstellar radiation is not sufficiently domimant
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and the wavelength range is small., Therefore, a was chosen to be close
to 1.1, which is the value found for a sample of QSOs and Seyfert
galaxies (Malkan and Sargent 1982; Malkan and Filippenko 1983). In
particular, Table 1 1lists the results obtained with a set to 0.8, 1.1,
1.4, and 1.7, and Table 2 gives the relative strengths of both
components at selected wavelengths for a = 1.1.

Figure 1a illustrates the best spectral decomposition with a = 1.1
when the continuum of NGC 7213 is dereddened by Av = 0.05 mag (where
A! ~ 3°2E§—Y)' the Galactic extinction (Burstein and Heiles 1982;
Heiles and Cleary 1979). At A5460 the nonstellar compomnent accounts for
only ~ 11.4% of the flux, while at A3250 it is roughly the strength of
the standard galaxy. The overall fit is reasonably good, but the
deviations suggest that better agreement could be obtained if the
continuum of NGC 7213 were dereddened by a moderate amount.

Additional fits were performed, this time with the reddening of
NGC 7213 and the ratio of the nonstellar flux to the total flux at A5460
as free parameters (Table 1). If a = 1.1, the best fit is obtained with
a continuvum reddening corresponding to Av ~ 0.61 mag in NGC 7213. The
results are tabulated in Table 2 and plotted im Figure 1b. It 1is
apparent that the fit is better than with AV = 0.05 mag, especially at
the relatively sharp "break” mnear A3950. At A5460 the mnonstellar
component now accounts for ~ 23.5% of the flux, and its contribution
equals that of the standard galaxy at ~ A3950. Over the range
203202-6272 it accounts for fully 33% of the total flux.

If the observed blue excess were of stellar origim, it would
require the presence of 1.3 x 10° B0 or 2.4 x 104 05 main sequence

stars, but emission lines typical of star-burst galaxies (e.g.,
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Weedman et al. 1981) would then be expected. Slight errors in the flux
calibration, as well as differences between the spectra of gjant
elliptical galaxies and the bulge of NGC 7213, also cannot account for
the enormous nonstellar flux in the blue and near-UV. At 43200, it is a
magnitude brighter than the stellar component, whereas the errors are
likely to be within + 0.3 mag. Moreover, no nonstellar component was
found when the same procedure was performed on the normal S0 galaxy
IC 4889, in agreement with the absence of other signs of activity in

this object.

b) Reddening

Note that Av = 0.61 mag applies to all of the observed continuum;

the mnonstellar iadiation is assumed not to experience any additional
extinction as it travels out from the nucleuws. Of course, it is also
possible that only the nonstellar component is substantially reddened
(e.g., by dust close to the nucleus). A 1least—squares decomposition
indicates that this is unlikely, however, since acceptable fits (which
are nevertheless formally worse than that im Figure 1b) require the
power law to experience A! ~ 1.8-1.9 mag. The nonstellar contribution
is then nearly equal to that of stars over the range A24000-6000, which
is incompatible with the relatively strong absorption lines observed in
NGC 7213. The amount of dilution provided at various wavelengths in the
(a, é!) = (1.1, 0.61) decomposition is consistent with the observed
equivalent widths, although there is a range of acceptable dilution due
to differences in 1line strengths among elliptical galaxies and the
bulges of spirals. In addition, photographs indicate the presence of

dust in the outer portions of NGC 7213 (Phillips 1979), so there might



- 97 -

be dust between the earth and nucleus as well. In reality, somewhat
different amounts of reddening may apply to the stellar and nonstellar
components, but here it will be assumed that a single value is correct
for the entire continuum,

Table 1 shows that the derived extinction Av ~ 0.61 mag

(E ~ 0.19 mag) depends on the particular choice of spectral index;
Y

it can differ by + 0.1 mag for a plausible range in a. It also changes
with the range of wavelengths used in the analysis, and an error of
+ 0.1 mag is not inconceivable. Finally, for a given a the fit is

satisfactory for values of A  in a range of roughly * 0.1 mag. Thus, a

reasonable approximation to the error in Av is + 0.2 mag.

JII. X-RAY OBSERVATIONS
NGC 7213 was observed by Einstein on three occasions in 1979 and
1980, with intervals of ~ 6 months between observations. The dates and

integration times are given in Table 3.

a) Monitor Proportional Counter (MPC)

The MPC is mounted on the outside of Einstein, and is coaligned
with the imaging telescope. It is an argon—filled, non—imaging detector
with an effective area of 667 cm’® and a 1.5 deg (full width at
zero—intensity) square collimator, A complete description of the
methods used for data reduction, including background subtration, is
given by Halpern (1982, 1984).

Table 3 lists the count rates in the 2-6 keV band and the 2-10 keV
fluxes. NGC 7213 was not the primary target of the second observation,
but nevertheless was the dominant source in the field of view. The

count rate and flux in this case include a multiplicative factor of 1.63
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to correct for off-axis transmission of the collimator. Variability by
a factor of ~ 3 is evident, and the luminosity spans a range which
includes the earlier HEAOQ A-2 values.

The pulse height data were fit with a standard power—law spectrum

and absorption due to intervening neutral gas. Specifically,

%_EM - E-(eu-t) o o (E)Nn hotons et s keV ™! , ()

where c(E) is the Brown and Gould (1970) opacity, Eﬂ is the equivalent
neutral hydrogen column density, and A is a normalizing factor. The
derived spectral parameters and 90% error bars are 1listed inm Table 3.
For the 1980 observation, the spectral parameters were derived from MPC
and IPC data taken simultaneously (see below). Since there is
independent evidence from the IPC that the column density is extremely
ilow (Eﬂ £5 x 1020 cm'z), absorption in the MPC band is expected to be
negligible. Therefore, the spectral index for the first two
observations was recomputed under the assumption HH = 0, resulting in

nearly identical values for the best fit, but slightly smaller formal

€rrors.

b) Imaging Proportional Counter (IPC)

The soft X-ray luminosity measured by the IPC on day 136 of 1980
was 1.1 x 1043 erg s1 in the 0.5-4.5 keV band (Kriss 1982). This is
nearly equal to the 2-10 keV luminosity of 1.02 x 1043 erg 3—1. and a
simple calculation shows that these velues would be equal if a spectral
slope a ~ 0.7 with no absorption extends throughout both energy bands.
The IPC and MPC data can in principle be fit simultaneously, yielding

spectral parameters over the combined energy band, but this is
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cumbersome due to the significantly different behavior of the two
detectors. Temporal and spatial variations exist in the gain of the
IPC, and the precise values for this observation have not yet been
determined. The gain of the MPC, on the other hand, is quite stable.
Since it was mnecessary to vary the assumed IPC gain about the nominal
value, the IPC pulse height data were fit separately using the same
model as in equation (1). The following is a brief description of the
procedure.

NGC 7213 appeared in the center of the IPC image, and source counts
were determined from a circle of radius 180" about the X~ray centroid.
The background was obtained in an annulus between radii of 320" and 440"
concentric with the source, and properly scaled by area. It contributes
no more than 5% of the count rate in any omne channel, and represents
only 1.3% of the total. The net (background subtracted) count rate in
channels corresponding nominally to 0.12-4.65 keV is 2.69 + 0.04, and
the effective exposure of 1517 seconds includes a 5% correction for dead
time., Standard corrections were also applied for counts 1lost in
scattering by the mirrors and in the wings of the IPC point response
function.

Grids of model spectra were generated for several assumed values of
BAL, which is a measure of the gain as determined by the mean pulse
height channel of the 1.5 keV aluminum line. These values were within
+ 1 of the nominal 16.6 for this day of observation. Figure 2 shows the
IPC 90% contours superimposed on the MPC 90% contour determined from
data obtained simultaneocusly. The dashed line indicates the envelope of
scceptable fits when the gain was allowed to vary, and should therefore

be teken as an indication of the total uncertainty in the present
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analysis. Figure 3 displays the theoretical spectra which produced the

best fits for the IPC and MPC.

IV. INTERPRETATION

a) Column Density and Spectral Index

Under the assumption that a single power law applies throughout the
observed energy band, the narrow range of overlap in Figure 2 between
the IPC and MPC constrains @ to 0.72 + 0.12 and HH to ¢ 2.5 x 1020 cm 2,
It should be emphasized that the existence of a region of overlap is a
necessary but not sufficient condition for & constant spectral slope,
since the normalizations must also agree. In fact, the best agreement
occurs for a= 0.7 and HH =2 x 1020 om 2, where
A = 0.0170 photons em 2 s71 eVl is found for both the MPC and IPC.
Most other points within the overlap region also require mnormalizations
that agree to within + 10%, which is as good as can be expected given
the uncertainties in relative calibration. On the other hand, the true
spectrum between 0.25 and 2 keV is probably not much steeper than 0.85
or much flatter than 0.6, even though this seems to be allowed by the
IPC contours in VFigure 2. Such & curved spectrum would produce
discrepant total count rates between the MPC and IPC when forced to fit
in the region of overlap.

An independent constraint on the column density comes from the
measurements at 21 cm in the Galaxy. Values of ﬂﬂ in the line of sight
to extragalactic sources are never observed to be less than ~ 1020 cm_z,
even near the galactic poles (Dickey, Salpeter, and Terzien 1978).

Several observations within 1° of NGC 7213 by Heiles and Cleary (1979)

yield 1.6 x 1020 < Eﬂ <£2.1x 1020 cm"z. This is in agreement with the
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joint X-ray confidence region, and rules out IPC spectra flatter than
@ ~0.6 since Ny would be too low. It is also evident from the X-ray
spectrum that any column density intrinsic to NGC 7213 must be small,
The implications of this 1last point will be discussed in the next
subsection.

The spectral parameters listed in Table 3 are consistent with the
results of Mushotzsky (1982), who found that o generally falls between
0.6 and 0.8 in Seyfert galaxies. Mushotzky (1982) also indicates that
EH <5 x 1021 em 2 for NGC 7213. Although the first and third MPC
observations have comparable statistical nuncertainties based on the
total source counts, the signal-to-noise ratio was a factor of 3 larger
in the latter case because the source was stronger (and the integration
time shorter). Hence, the third observation is expected to be least
susceptible to systematic errors involving background subtraction, and
the simultaneous IPC data can be used to restrict the range of spectral
parameters. Eﬂ £2.5x 1020 em2 and a = 0.72 + 0.12 are therefore
adopted as the best estimates for the spectral parameters in the

0.25-10 keV band, but slight deviations from a power law shape cannot be

ruled out.

b) Covering Fraction and Visual Extinction

The shape of the X-ray spectrum also demonstrates that the covering
fraction of emission-line clouds is small. For the broad-line clouds,
expected column densities of several times 1022 em2 (Ewan and Krolik
1981) would cause a low-energy cutoff near 3 keV, as is observed in
NGC 4151. Models of mnarrow-line clouds require EH ~2.5 x 1021 em 2

(Halpern and Steiner 1983) for typical Seyfert galaxies, but there is
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probably quite a large spread. In particular, column densities 10 times
larger than average could explain cases such as NGC 7213 in which the
I([O0 XI126300)/X([0 IX1A3727) ratio is large (Halpern 1982). All these
estimates are much higher than the upper limit Hﬂ ~2.5 x 1020 om 2
derived from the X-ray data for NGC 7213, and point to a low covering
fraction. Moreover, for interstellar material with normal extinction

properties, such & low column density is associated with A_ of at most

i 4

~ 0.12 mag (Gorenstein 1975). This is in direct conflict with the
optical analysis presented in §II, which suggests that

A = 0.61 + 0.2 mag. It is interesting that the sense of this

disagreement is opposite that in most mnarrow-line X-ray galaxies, in
which the X~ray column density 1is too large compared with other
reddening indicators (Maccacaro, Perola, and Elvis 1982; Mushotzky
1982).

The absence of low-energy X-ray absorption, however, applies only
to the earth’s line of sight, and is not necessarily representative of
the global covering fraction as measured by the equivalent widths of
emission lines. In addition, the expected functional form of the X-ray
absorption given in equation (1) is strictly correct only for a uniform,
cold absorber which completely covers the source. If the source were
only partially occulted, a spectrum having low resolution might appeer
only slightly flatter, without a noticeable low-energy turnover. This
would be especially true if the absorbing medium were characterized by a
broad distribution in QH .

Nevertheless, the fact that the IPC and MPC data agree with a
spectral index of 0.7, both individually and in their relative

normalization, is & strong indication that the covering fraction is
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small. The index is not flatter than average, and there is mno evidence
for a turnover at low energies except due to material in the Galaxy.
Given the estimated uncertainties of ~ 10% in relative calibration
between the IPC and MPC, it appears that any covering fraction due to
broad- or mnarrow-line clouds in the line of sight must be no more than

~ 30%, and possibly much less.

¢) Thermal Emission

There is an alternative resolution to the discrepancy between the

X~-ray and optical extinction. Suppose that the power law at X-ray

-2

energies is in fact absorbed by HH ~ 1.3 x 1021 cm (corresponding to

Av = 0.61 mag), but that an additional source of thermal emission at

temperatures less than 1 keV fills in the low-energy absorption.
Specifically, Paper I shows that the thermal bremsstrahlung emission may
be expected from a hot medium (referred to by the subscript h) which
confines the forbidden—line clouds. The radius of the emitting region

is

2

rzd(i’ ) (2)

chnV !

where d is the distance to NGC 7213, io is the flux density of the
ionizing continuum at the Lyman l1imit, n is the cloud demsity, and U is

the ionization parameter. The integrated emission is (Tucker 1975)

T,

-N max -1

~E - -1

L e R R P AR O
min

Since I, is only approximately knmown, a constant value of ~ 107 X is

assumed, as expected if the narrow-line clouds are very dense (Paper I).
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Invoking pressure equilibrium between the two phases, and combining

equations (2) and (3), yields

N may

- S . "

AN iseg (uo’)”‘(L)‘(ﬂ)"gE/m X 0 dn photms s keV”!
de E v 0%/ AT, N

If the upper 1limit is taken to be n ~ 3 x 107 em3, & flux of
~1.3 x 1073 photons em 2 51 xev1 near the characteristic energy of
~ 0.9 keV is found. This is ~ 7% of the observed flux (Figure 3), and
would mnot greatly affect the X-ray spectrum, If 1£ were a factor of 3
smaller, however, bremsstrahlung at ~ 0.3 keV would contribute an excess
comparable to the observed flux. Unless properly taken into account,
this could substantially decrease the derived valume of EH' and it may
resolve the discrepancy between the optical (Ai.= 0.61) and X-ray
(AZ £ 0.12) results.

Since the X-ray spectrum of NGC 7213 is typical of type 1 Seyfert
galaxies, one might doubt that the sbove hypothesis actually explains
the difference in derived values of A!. Do any other Seyfert galeaxies
show evidence of thermal emission, or is NGC 7213 a very special case?
Unfortunately, the poor spectral resolution of the Einstein data does
not permit one to distinguish between power—law and thermal spectra over
a8 large range of assumed parameters. In fact, power—law slopes cannot
be unambiguously derived at X-ray energies if thermal emission is a
possible contributor. There is a distribution of slopes among Seyfert
galaxies, and it may well be that the steeper ones contain contamination
from thermal emission. One interpretation of the extended X-ray
emission in NGC 4151 discussed by Elvis, Briel, and Henry (1983) was

thermal bremsstrahlung from a confining medium im the narrow-lime
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region. Similarly, extended thermal emission superimposed om an
absorbed power law is a plausible alternative to the "leaky absorber”
explanation of the soft X-ray excesses observed (Reichert et al, 1983)
in a number of Seyfert galaxies. Thus, it is not unlikely that thermal
emission from a hot intercloud medium is sufficient to explain much of
the discrepancy between the derived values of Av in NGC 7213, especially
in 1light of the particularly favorable conditions provided by the
narrow-line clouds of high density (Paper I).

Note that the total column density of the hot medium in NGC 7213 is
~ 1023 om 2. Elements of medium weight, particularly O, must be almost
entirely stripped of electrons in order not to cause significant

absorption of the soft X-rays. The Thomson scattering depth is omnly

~ 0.07, so scattering in the hot medium is negligible.
V. THE OVERALL CONTINUUM

Measurements of NGC 7213 in the infrared bands J, H, K, L, and N

were made by Frogel and Elias (as reported by Phillips 1979), Glass

t al. (1983)

(1981), Glass, Moorwood, and Eichendorf (1982), McAlary

and Ward et al, (1982). The International Ultraviolet Explorer was

used by Wu, Boggess, and Gull (1983) to study NGC 7213 at UV
wavelengths. These data were combined with the X-ray observations and
new optical spectra to produce the overall continuum from X-ray through
infrared wavelengths (Figure 4). NGC 7213 is also a Parkes radio source
(PKS 2206-474) with a flux density of 0.23 Jy at 2.7 GHz (Bolton
et al. 1977). It must be emphasized that the measnrements were made at

different times and through different apertures, which greatly

complicates the interpretation of the spectrum.
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The continunm is similar to that seen in type 1 Seyfert galaxies,
although a significant stellar component is present at optical and
near—-infrared wavelengths. Data at 10 ym and possibly 3.5 pm are the
only IR points which are mnot contsminated by stellar light. Glass,
Moorwood, and Eichendorf (1982) concluded that a ~ 1.1 and Av ~ 0.6 mag
in NGC 7213, from an analysis of IR, optical, and UV date. However,
these values are based on the assumption that 40% of the dereddened K
(2.2 pm) flux in a 9" aperture is due to the power-law compoment. This
is twice as much nonstellar flux as found in the present study, so the
agreement in o and A! may be fortuitous. Their power law passes through
the 10.3 pm point at ~ 250 mJy, but is incompatible with the new optical
data since it exceeds the total dereddened flux blueward of 4000 i.
This restriction probably arises because the optical data presented here
were teken through a smaller aperture than that used by Phillips (1979).
Hence, the nonthermal component is likely to be comparable to the one
derived from the least-squares fits in § II (and shown again in
Figure 4). -The flux at 10 pm may therefore contain a significant
contribution from thermally—emitting dust at temperatures of several
100 K.

There is also a discrepancy among the IR measurements themselves.
The J and H fluxes taken through a 9.1” aperture are more than a factor
of 2 larger than the corresponding fluxes in a 7” aperture. This is
difficult to wunderstand in terms of any reasonable distribution of
stellar light, and may require a substantial variation in the nonstellar
flux. On the other hand, variability seems to be excluded by the
sgreement of all the measurements at L. A reconciliation of the various

IR measurements would obviously be desirable.
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One representation of the overall continuum shape is given by the
spectral index Box between 4000 K and 2 keV (Grindlay et al, 1980),
which is 1.06 + 0,08 im NGC 7213. With the (a, Av) = (1.1, 0.61)

decomposition derived im §II, it is found that B__ of the monthermal

ox

component alome is 1.04 + 0.08, not significantly different from the

"raw” number given above. These values (whose error bars are due almost
entirely to the observed range of X-ray variability) are near the 1low
end of the distribution for type 1 Seyferts and X-ray selected active
galactic nuclei (Kriss 1982), and NGC 7213 therefore has one of the
highest ratios of X-ray to optical luminosity among active galactic
nuclei. It has been shown (Zamorani et al, 1981; Reichert et al. 1982;
Tananbaum and Avni 1982) that the ratio of X-ray to optical luminosity
is inversely related to total luminosity for X-ray or optically selected
QSOs. This correlation extends to Seyfert galaxies (Kriss 1982), and
NGC 7213 suggests that it is also true in objects having still 1lower
luminosity.

The UV flux 1lies substantially above an extrapolation of the
optical data. This could simply reflect variability between the epochs
of the UV and visual observations (which would be interesting in
itself), but alternatively it may indicate the presence of the UV bump”
often seen in quasars and Seyfert 1 galaxies (Malkan and Sargent 1982;
Oke, Shields, and Korycansky 1984). Excess emission in the far UV
decreases the derived deficit of ionizing photons (based on the strength
of the Balmer 1lines) which exists if the power—law component alone is
used (Paper I). The X-ray spectrum follows the common pattern in which
the slope is flatter than the optical power law, and there must be at

least 2 changes in slope if the spectra are to join continuously in the
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far UV,

Sadler (1984) recently published new radio observations of a
complete sample of southern E and SO galaxies. The flux density of
NGC 7213 is 0.187 + 0.017 Jy at 2.7 GHz and 0.228 + 0.010 Jy at 5.0 GHz.
The power-law spectrum between 2.7 and 5.0 GHz is therefore inverted
(¢ = -0.3), whereas a majority of galaxies have steep (a 2 0.5) spectra.
Heckman (1980) found that many of the LINERs in his sample have compact
nuclear radio sources, so NGC 7213 is more like a LINER than a Seyfert

galaxy in this respect.

VI. SUMMARY

Phillips (1979) first identified broad Ha emission im NGC 7213,
supporting the claim that this galaxy is associated with the HEAQ A-2
source H2209-471. X-ray observations presented here show that the
spectral index is typical of Seyfert galaxies. Moreover, the overall
continuum resembles those in classical active extragalactic objects, as
evidenced by the possible UV bump, the flat radio spectrum, and the
optical nonstellar continuum. There can be little doubt that gas near
the nucleus is photoionized by & nonstellar continuum.

This is an important conclusion since NGC 7213 also exhibits the
optical characteristics of LINERs (Heckman 1980), whose emission limes
have often been attributed to heating by shocks. If the "shock”
features of NGC 7213 can be reconciled with photoionization models, it
is possible that the entire class of LINERs consists of objects in which
the basic physicel processes are similar to those inm QSOs and type 1
Seyfert galaxies. An extensive analysis of the optical emission 1lines

is presented in Paper I, where it is shown that shocks are indeed not
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necessary to explain the observed features.

The small X-ray column density disagrees with the reddening of
A! = 0.61 mag determined from the optical spectrum. However, there may
be thermal emission at temperatures of ~ 5§ x 106 K which is sufficient
to fill in the soft X-ray turnover and create an approximation to a
single power law, Thermal emission from a hot medium which confines the
narrow-line clouds may make a substantial contribution to the soft X-ray
flux of Seyfert galaxies. X-ray spectra having higher resolution are
needed to look for 1line emission or coitinuum features which may be

indicative of a spectrum containing bothk thermal and power-law

components.
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TABLE 1

Parameters of Continuum Decomposition

Power law (L’ple_g__l__g)c’ £ (ggv_g__lg_v)d' £
slope o® A! (nag)b‘e Total Total
A5460 Ar3202-6272
0.8 0.05% 0.094 0.15
1.1 0.058 0.114 0.17
1.4 0.05* 0.135 0.19
1.7 0.05° 0.157 0.21
0.8 0.63 0.202 0.30
1.1 0.61 0.236 0.33
1.4 0.57 0.263 0.35
1.7 0.53 0.300 0.38

SFized parameter.
bF::ee or fixed parameter.
®Free parameter.

dFlnx derived from final decomposition.

OE.B_V = _A_1/3.2 used to deredden continuum of NGC 7213 prior to decomposition.

fFlux ratio (where total flox = power law + standard galaxy fluxes).
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TABLE 2

Relative Fluxes of Continua®, a = 1.1

(Power lav)b (P wer l')b
a (L Total Total

A! = 0.05 mag® A! = 0.61 mag®
3202 0.536 0.735
3500 0.434 0.648
4000 0.229 0.417
4500 0.152 0.302
5000 0.139 0.280
5460 0.114 0.236
6000 0.102 0.214
6272 0.107 0.223

%See Figure 1.,

1’F’lnx ratio (wvhere total flux = power law + standard galaxy fluxes).

cE-B_v = Av/3.2 used to deredden continuum of NGC 7213 prior to decomposition.
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TABLE 3

Einstein Observations of NGC 7213

-1 c [
Exp. counts s E (2-10 keV) Ny L (2-10 keV)
Day Year Time (s) (2-6 keV)a'(lo—llerg cn_zs-l) A aP (1021cm_2) (1042erg 3_1) x/1°
112 1979 7493 1.0140.10 2.20 0.0068 0.85+0.11 <8.0 3.29 M
295 1979 975 0.81:0.16f 1.67 0.0075 1.1+0.6 <20 2.50 M
136 1980 1516 2.9740.12 6.80 0.0170 0.7240.12 <0.25 10.2 M, I

%1 MPC count = 1,05 UFU.

b90!: error bars.

°Upper limits.

d1ntrinsic (unabsorbed) luminosity, B =50 m o1 Mpc.
®Instrument used: M demotes MPC, I denotes IPC.

fInclndes correction factor of 1.63 for off-axis collimator

response.
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FIGURE CAPTIONS

Figure 1: The smoothed continuum of NGC 7213 is decomposed into a
nonstellar power law plus an old stellar population (represented by a
"standard” giant elliptical galaxy). Magnitude AB = —2.510g(fv) - 48.6,
where fv is in ergs s_l em 2 Hz"l, In (a) the continuum is dereddened
under the assumption that Galactic A! = 0.05 mag, where Av = 3,2;2_2_ A
noticeably more satisfactory fit (b) is obtained if an additional

extinction A = 0.56 mag is present in NGC 7213.

Figure 2: Contours of acceptable fits (90% confidence) to the
1980 May 15 Einstein MPC and IPC data are shown., The numbers 15.6,
16.6, and 17.6 refer to different assumed gains of the IPC, where 16.6
is the mnominal BAL (see text). The dashed line encompasses the total

range of allowed fits to the IPC data.

Figure 3: Theoretical spectra which represent the best fits to the
1980 May 15 Einstein IPC (light bars) and MPC (dark bars) data are
illustrated. Spectral parameters and errors refer to the overlap regiom

of the 90% contours shown in Figure 2.

Figure 4: Data covering the overall continmum of NGC 7213 are
displayed. Note that the radio, IR, optical, UV, and X-ray measurements
were taken through different effective apertures and at different
epochs. Frogel and Elias obtained the 10 pm point at 0.19 Jy (filled
circle with tick marks), as reported by Phillips (1979), and "N"” refers
collectively to all 4 observations near 10 pm. The point at 8.3 pm has
much larger error bars than other measurements. Solid 1lines represent

the new optical and X-ray spectra reported in this paper. Open crosses
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and the dashed 1line show the optical and UV data dereddened by

Av = 0.61 mag, but the IR data have not been dereddemed. The dash-dot

line is the power—law component (a = 1.1) derived from a least-squares
fit to the optical data only, and happens to extrapolate through the
observation at 8.3 um obtained by Glass, Moorwood, and Eichendorf
(1982). A possible inconsistency among the IR points is discussed in
the text, and an excess typical of Seyfert 1 galaxies is indicated by
the UV flux. The flatness of the X-ray slope in comparison with the
optical power law requires that there be at least two breaks in the

unobserved UV spectrum.



151+

- 118 -
AB magnitude
a

144

NGC 7213, dereddened A, = 0.05 mag.
Power law + standard galaxy decomposition

dm 10 \ e — — e s —— —— o - s o = O ]
AV =TT -
~T Y
V
174 -
i " 3 1 " : " [l & s i 4 3 [ " s : i s
+ — +—t—f—t—t ——t + f— + sttt
NGC 7213, dereddened A, = 0.61 mag.
Power law + standard galaxy decomposition

- -
. m— — .
o —

— e - -
.

| == \.. n
\) bt ————— dereddened data, emission lines removed
- .- T Yee and Oke (1978) standard galaxy |
-~ —+—«—+= nonthermal power law, f &« v !
( s« «+ s standard galaxy + power law
P U TP E U S
3500 4000 4500 5000 5500 6000

Wavelength (A)

Figure 1



- 119 -

10?2 N | T I l T T ]
[ NGC 7213 5-15-80 i
MPC
102" -
o =
£ i
o
T
- o
102° =
i Cozntours of
B X min +4.6 7
lOIQ | ] | ] |
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6



- 120 -

Photons/(cmz—sec-keV)

o NGC 7213 5-15-80 EINSTEIN IPC—MPC
107 = T T T TTTT] T T T TTTT] _
B a = 0.72 + 0.12 B
- N, < 2.5 x 102 cm™2
= A = 0.0170 ph cm™2 s7' kev™! -
. - —— -
- IPC —— _
—_—
1072 == =
— - =
— —t— m
- —— —
s
— — —
, —— MPC
E —— =
— —— _
10~ L0l L1l _
0.1 0.3 1 3 10 30

Energy (keV)

Figure 3



- 121 -

10° :

(oM =

102}

X%

=——  Bolton etal. 1977 (2700 MHz)
0% » 7" Ward et al. 1982 .
o 7'5Glass et gl. 1982,

+ 97l McAlory etgl. 1983
x Wu et gl. 1983

Tokd S This investigation

-~ Dereddened A, =06l

May 1980

1o \Apr. 1979

10° ol 10'® 10 10" 108 10"
v(Hz)

Figure 4



- 122 -

CHAPTER 4

New Evidence for Photoionization as the Dominant

Excitation Mechanism in LINERs,

Alexei V., Filippenko

Submitted for publication, The Astrophysical Journal
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For out of olde feldes, as men seyth,
Cometh al this newe corn for yer to yere;
And out of olde bokes, in good feyth,

Cometh al this newe science that men lere.

“The Parliament of Fowls”

Geof frey Chaucer
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ABSTRACT

Optical spectrophotometry of the nearby QSO MR 2251-178 and the
powerful radio galaxies Pictor A and PKS 1718-649 is presented.
MR 2251-178 and Pictor A have featureless continua and broad Balmer
emission (FWZI ~ 20000 km s_l), as well as prominent forbidden lines
spanning a wide range of ionization potentials (e.g., [0 I]1, [Fe VII]).
Both objects are undoubtedly photoionized by the nonstellar radiation.
A nonstellar component is convincing only at blue and UV wavelengths in
Pks 1718-649, Careful subtraction of the starlight reveals He II 214686
emission, Its strength, and especially that of [Ne VIA3426, argue
strongly against shock heating as the main excitation mechanism. Gas
near the nucleus is therefore photoionized, but the ionizing radiation
must be substantially more intense than predicted by the power law at
optical wavelengths, The profile of Ha has weak, broad wings
(FWZI ~ 4500 km s 1),

In all three objects, the width of a forbidden line increases with
its critical density for <collisional deexcitation, This implies a

7 cm_3) among the clouds of gas in

considerable range in density (103—10
the mnarrow—line region, as discussed by Filippenko and Halpern for the
prototype NGC 7213. The densest clouds are optically thick to the Lyman
continuum, close to the nucleus, and move most rapidly.

Several previous studies concluded that Pictor A and Pks 1718-649,
whose strong lines of low ionization satisfy the criteria of LINERs, are
heated by shocks; at low densities the great observed strength of

[0 ITXI]A4363 =relative to [0 IXIIA5007 implies temperatures incompatible

with photoionization, Serious inconsistensies with photoionization
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models are unlikely, however, if the wide range of densities reported
here is takemn into account, The presence of similar properties in
galactic mnuclei having active components of high (MR 2251-178), medium
(Pictor A), and low (PKS 1718-649) luminosity suggests that the physical
processes in most, if not all, classical AGNs and LINERs may be

fundamentally the same,

Subject headings: galaxies:nuclei——galaxies:Seyfert——1line profiles—

radiation mechanisms——quasars—X-rays:sources,
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I. INTRODUCTION

A large effort has been made in theoretical models to reproduce the
spectral characteristics of active galactic nuclei (AGNs), including
QS0s, type 1 and type 2 Seyfert galaxies, and most recently Heckman's
(1980) "low ionization nuclear emission—line regions” (LINERs). Based
on the clear presence of nonthermal ionizing radiation in QSOs and the
most luminous Seyfert 1 galaxies, the models incorporated power—law
continua of various strengths to explain the observed intensity ratios
of optical emission 1lines, Early attempts were moderately successful
(see Davidson and Netzer 1979, and references therein), but the
agreement improved noticeably when the importance of charge—transfer
reactions (e.g., Butler, Heil, and Dalgarno 1980) was recognized. In
fact, some studies (Ferland and Netzer 1983; Halpern and Steiner 1983)
even attempted to unify all AGNs by varying essentially one parameter,
the ratio of ionizing photons to nucleons at the face of a cloud.
Objects having a high "ionization parameter” (e.g., type 1 Seyferts)
display a rich emission—1line spectrum including lines from
highly—ionized species, whereas those characterized by a low value
(e.g., LINERs) are dominated by emission from neutral and singly—ionized
atoms,

Despite the success of these models, several problems are evident.
One of the most important is that the strengths of transauroral and
auroral lines (noteably [0 III]A4363) are often too large in comparison
with the corresponding mnebular 1lines ([0 IIIJA4959+5007) in LINERs.
This led some investigators to ascribe the emission to shock heating

(e.g., Fosbury et sl. 1978; Koski and Osterbrock 1976), since the
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intensity ratios are a natural consequence of the high temperatures
produced by shocks, Another problem is that the observed He II A4686
emission in LINERs is too weak relative to HB. Although <collisional
enhancement of Balmer 1lines may be partly responsible, it is unlikely
that the effect can be more important in LINERs than in classical
Seyferts. Shock models, on the other hand, do not predict strong
He IT A4686.

Recent studies have shown, however, that photoionization may in
fact be more successful than shock heafing in producing the observed
emission in LINERs, Keel and Miller (1983), Filippenko and Halpern
(1984, hereafter FH), and Rose and Tripicco (1984) have emphasized the
importance of properly accounting for the prominent stellar continuum
when measuring week emission lines, [0 III]1A4363, for example, lies on
top of a "high point” between stellar absorption 1lines; consequently,
its strength has often been overestimated, The new, lower values remove
some to the conflict with simple photoionization models, and more
detailed theoretical studies incorporating a range of demnsities in the
narrow—line region (NLR) eliminate the remaining discrepancies
(qunignot 1984). These calculations also postulate that much of the
ultraviolet (UV) continuum is produced by a hot (T ~ 80000 K) accretion
disk (Malkan 1984), resulting in relatively weak He II 14686.

A detailed analysis of the bright galaxy NGC 7213 (FH; Halpern and
Filippenko 1984) agrees well with the predictions and may provide a key
to the nature of LINERs. Gas near the nucleus of NGC 7213 is clearly
photoionized by mnonstellar radiation, but the optical spectrum also
exhibits characteristics of shock-heated gas such as strong [0 IIIIA4363

and low—ionization emission lines. FH show that these features can be
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understood without shocks if clouds covering a wide range of densities

7 cm_s) exist in the NLR. The very different widths of forbidden

(103-10
lines demonstrate conclusively that this is indeed the case.

It is tempting to speculate that at least some nearby galaxies
harbor a massive black hole which is running out of "fuel” (Guan 1979).
These might be LINERs: NGC 7213 shows that their characteristics are
explainable in terms of photoionization rather thanm shocks, and that the
dominant physical processes may be fundamentally the same as those in
QSOs, A greater number of objects must be investigated, however, before
drawing definitive conclusions,

This paper presents observations which strongly support the above
arguments, Density stratification in the NLR is evident in Pks 1718-649
(a classical LINER), Pictor A (an N galaxy with features of type 1
Seyferts and LINERs), and MR 2251-178 (a nearby QSO), demonstrating that
the physical conditions in objects spanning a wide range in the ratio of
nuclear (unresolved) to disk (resolved) luminosity can be comparable to
those in NGC 7213. Unless otherwise noted, a Hubble constant of

50 km s-1 Mpc—l is assumed,

II. OBSERVATIONS

The data were obtained in August 1983 with the Boller and Chivens
Cassegrain spectrograph on the 2.5 m du Pont reflector at Las Campanas
Observatory. A journal of observations is given in Table 1. Shectman's
(1981) Intensified Reticon detector, an improved version of the original
instrument (Shectman and Hiltner 1976), was used to obtain the spectra.
Bausch and Lomb gratings with 600 and 1200 grooves/mm provided typical

[
resolutions (in first order) of roughly 5 and 2.5 A, respectively. The
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wavelength scale was determined by fitting a fifth—order polynomial to
the positions of unblended emission lines in comparison spectra (Fe, Ar,
Ne) obtained before and after each observation.

To minimize the effects of atmospheric dispersion when using a
small (2" x 4") entrance aperture (Filippenko 1982), its long dimension
was aligned along the parallactic angle corresponding to the midpoint of
each observation, The relatively large separation between the "object”
and "sky" apertures (27.4") ensured that light from the outer portions
of the objects did not contribute significantly to the sky measurements.
Calibration of the overall response of the spectrograph was achieved
with faint, relatively featureless standard stars (Filippenko and
Greenstein 1984)., Coincidence 1losses were mnegligible due to the
faintness of all objects, except in the case of MR 2251-178 (g'ﬁg).

No filters were used, so second—order contamination longward of
~ A6400 is present, This is generally not serious since galaxies are
much fainter at blue and UV wavelengths than in the red. An exception
is MR 2251-178, whose strong "UV bump” (é‘{g) produces serious
second-order contamination redward of ~ L6000, In addition, note that
the standard stars (G158-100 and G24-9) are bluer than the integrated
light of galactic bulges, resulting in greater second—order
contemination and hence an overestimate of the spectrograph's
sensitivity at the red end, Pictor A and Pks 1718-649 therefore exhibit
a mnoticeable decrease in flux density 1longward of ~ 16400; their
emission—line intensities must be viewed with caution in this region,

Local variations in the response of the detector were calibrated
with lengthy exposures of the featureless continuum from a hot tungsten

lamp. Stability of these "flatfields” from one night to the next was
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excellent (~ 1-2%).

III. PKS 1718-649

a) Background

Pks 1718-649 is a D galaxy (m_ ~ 15.5) which exhibits a powerful,
inverted radio spectrum from 408 to 2700 MHz and strong optical emission
lines (Savage 1976; Fosbury et al, 1979, hereafter FMGV), Faint
spiral arms surrounding the ©bright bulge are visible in deep
photographs, suggesting the classification of SAB(s)bP in the system of
de Vaucouleurs and de Vaucouleurs (1964)., H I accounts for fully 6% of
the object’s total mass, FMGV reported that the optical spectrum is of
unusually low ionization: lines of [0 I], [0 II]l, and [S XI] are
particularly prominent. The similarity with the LINER NGC 1052,
together with the absence of a blue nonstellar excess, led them to
conclude that the emission—line spectrum is the result of shock heating,

FMGV noticed that [0 I]A6300 is significantly broader than other
unblended gmission lines, and also more than a factor of three stronger
than [0 I1A6364. They decided that it is blended with [S III]A6312, but
this is wunlikely considering the weakness of [S III] in Seyferts and
other emissionline galaxies. A more plausible conclusion is that the
[0 I] 1lines are intrinsically broad, and that the one at A6364 appears
too weak due to underlying Fe I 16355, 6359 absorption (Filippenko and
Sargent 1984). The resemblance to NGC 7213 (FH) suggests that

Pks 1718-649 may provide additional clues to the LINER phenomenon,

b) The Stellar and Nonstellar Continua

In overall appearance the spectrum resembles that of FMGV, Close
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inspection, however, reveals a faint blue excess which is not produced
by the old stellar population, To quantify it, the continuum was
decomposed into the spectrum of a giant elliptical galaxy (Yee and Oke
1979) and a power law (_t_'v « v_a), as described by FH. Ignoring regions
contaminated by emission lines, least—squares fits were performed to
obtain the reddening and the ratio of nonstellar to total flux at A5460.
An accurate determination of the spectral index was impossible due to
the dominance of starlight and the small wavelength range, but
a=1.5+ 0.5 produced good results., This is somewhat steeper than in
most QSOs and type 1 Seyfert galaxies (Malkan and Sargent 1982; Malkan
and Filippenko 1983), but is fairly representative of type 2 Seyferts
(Koski 1978).

The results are shown in Figure la, A faint nonstellar component
contributes only ~ 6% of the observed flux at A5460, Its relative
prominence increases at shorter wavelengths, and near A3200 it is
roughly half the strength of starlight. Dilution of the Ca II K (A3934)
and H (A3968) absorption lines is calculated to be small (~ 13-14%).
These results are semsitive to the range of wavelengths and to the value
of a used in the decomposition, but the general conclusions remain
unchanged.

Using the wusual reddening curve (Whitford 1958), the derived
reddening corresponds to AZ = 3'2EE'! = 0,70 mag, This is larger than
the expected Galactic value of 0.27 mag (Burstein and Heiles 1982).
Dust in the nuclear region (FMGV) can probably account for the observed

excess,

c) Emission Lines
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0ld stars dominate the spectrum and affect measurements of emission
lines, producing unacceptable inaccuracies in crucial diagnostic lines
such as [0 ITI]A4363 and He II A4686. The starlight was therefore
removed with a template devoid of emission., As in NGC 7213, the SO
galaxy IC 4889 was a particularly suitable choice because the
metallicity and stellar velocity dispersion in its nucleus are similar
to those of Pks 1718-649.

FH describe the procedure in detail. First, the mnonstellar
component was subtracted from the dereddened spectrum of Pks 1718-649
(Figure 2a). The overall spectral shape of IC 4889 was then adjusted to
match that of the object (thereby artificially removing differences in
reddening, etc.), and its metallicity was decreased slightly. Finally,
weak [0 II]A3727 was excised, resulting in the spectrum shown in
Figure 2b. Subtraction of the template from the object produced the net
emission—line spectrum (Figure 2¢). Regions ©blueward of A3600 and
redward of A5150 were excluded because of poor signal-to-noise (S/N)
ratios in either Pks 1718-649 or IC 4889.

Benefits of the subtraction are obvious. [Ne ITI1A3967 + He,
previously hidden in deep Ca II H absorption, are present. Similarly,
the [S II1A4069 + H5 and [0 III]A4363 + Hy blends are much easier to
analyze., Even He II A4686, which was not suspected in the original data
(Figure 2a), is visible.

Emission lines in Figure 2¢c have different widths, and in several
cases (e.g., [0 IXIIIA5007, HB) strong wings make the profiles appear
distinctly non—Gaussian, These results are confirmed by the data in the
vicinity of Ha (Figure 3a). [0 IIA6300 is significantly broader than

the combined [S II]A6716+6731 doublet, and its profile exhibits wings of
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greater prominence than a Gaussian baving the same full width at
hal f-maximum (FWHM).

An even broader component is apparent in the Ha + [N II] blend,
especially on the red side., Comparison with the nearby [S II] emission
(which is produced under roughly the same physical conditions as [N II])
indicates that this component is almost certainly Ha. A full width at
zero—intensity (FWZI) of ~ 4500 X makes it qualitatively similar to (but
less intense and mnarrower than) that in classical type 1 Seyferts.
Together with the nonstellar continuum, it suggests that in some ways
Pks 1718-649 may be one of the weakest Seyfert 1 galaxies discovered to
date. Spectra of many other LINERs also contain very faint, broad Ha
emission (Filippenko and Sargent 1984).

To facilitate quantitative analysis of the data, the intensity,
FWHM, and full width at 10%—intensity (FW10) of each emission line was
carefully measured. The traditional FWZI was generally mnot chosen
because it is difficult to determine and is very dependent on the S/N
ratio, All intensity measurements are listed in Table 2. Typical
errors are generally ~ 5-10% for strong, unblended limnes, 10-20% for
blends or weaker lines, and up to 100% for the faintest features
(denoted by a colon). These values do not include possible inaccuracies
in the overall calibration of the spectrum. Widths are given in
Table 3.

In a few cases special procedures were used to deblend lines, The
assumed strength and width of [N IXI1A6583 were varied to yield a smooth
Ha profile., Comparison of Ha and HP showed excellent agreement except
in the reddest portion of the broad wing; it was therefore legitimate

to remove Hy from [0 III]A4363 by appropriately scaling the HB profile.
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Hb was subtracted from the wing of [S II]A4069,4076 in a similar manner.

The only major discrepancy between the new iptensity ratios and
those measured by FMGV occurs in I([N II]1A6548+6583)/I(Ha). Since FMGV
used three Gaussians of equal width to decompose the blend in their
relatively low-resolution data (~ 10 K), too much Ha flux was attributed
to [N II], Many other differences, including FMGV'’s nondetection of
weak emission such as He II A4686, can be explained by contamination
from underlying absorption lines, Note that their absolute flux of Hp
is a factor of ~ 2.8 1larger than that quoted here, but the entrance
apertures are different and neither study claims photometric accuracy.

Table 2 indicates the presence of [Ne V]A3426. Since appreciable
[Ne VI is not produced by shocks or in normal H II regioms around OB
stars, it is highly likely that gas is photoionized by the mnomstellar
continuam described in §iIII§. The detection of He II A4686 supports
this conclusion, Although an extrapolation of the derived power law
past the Lyman 1limit fails by mnearly a factor of 10 to produce the
dereddened Ha flux of 2.0 x 10'-13 erg s_1 cm_z, such a calculation is
probably oversimplified; most bright QSOs and type 1 Seyferts have much
more radiation at UV wavelengths than expected from a comparison with
the optical power law (e.g., Malkan and Sargent 1982; Oke, Shields, and
Korycansky 1984), If such an excess also exists in Pks 1718-649, it may
account for the observed flux of Ha.

After correcting for extinction (A_= 0,70 mag), the mnonthermal

27

A

X
monochromatic luminosity at A4800 is ~ 2.4 x 10 erg s-1 Hz—l and the
luminosity of Ha emission is 1.8 x 1041 erg s—1 (of which at most

one—third can be produced in the "broad-line region”). Transforming to

go = 75 km sn1 Mpc_l, these values place Pks 1718-649 among type 2
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Seyferts of low luminosity in Figure 2 of Shuder (1981), Using the mean
l(Lx)/l(Ha) ratio of ~ 40 for active galaxies (Elvis, Soltan, and Keel
1984) and the observed flux of Ho corrected for Galactic extinction

(Av = 0.27 mag), the predicted X—~ray flux in the 2-10 keV range is

12 1

~ 8 x 10 erg s cm_z, which is below the completeness limit

(3.1 x 10—11) of the Piccinotti et al, (1982) sample.
The ratio R = I([0 III1A4959+5007)/I([0 IIXI1A4363) is ~ 12.7, which
is remarkably small and implies that Ie ~7x 104 K if n, ~ 104 cm-s.

Te becomes still larger if the density obtained from the
[S YI1A6716,6731 doublet (~ 250 cm—s) is used, Even if the data are not
dereddened, R = 14,3 makes the derived value of 1; very high
(> 5.5x 104 K). Such temperatures are incompatible with
photoionization models, which always predict Ie < 20000 K, but they may
be prevalent in shock-heated gas.

A reconciliation with photoionization can be made if onme does not
assume that the density in the 0++ zone is 1low. At high n,
(~ 106 cm—s). collisional deexcitation of the [0 ITII]1A4959,5007 lines is
greater relative to that of [0 III]JA4363 because the former are
associated with a smaller critical density than the latter; R therefore
shifts to 1low values, Although Ferland and Netzer (1983) comnsidered
high densities improbable in LINERs, FH discovered undeniable evidence

for them in NGC 7213: the correlation between line width and n (crit)

is considerably better than that between line width and ionization
potential, and even lines emitted by the same species (such as
[0 II1A3726,3729 and [0 II1A7319,7330) have different widths, Since a
line 1is produced most efficiently by gas near its ge(ggig), different

lines act as effective tracers of the demsity in NGC 7213,
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The same arguments are directly applicable to Pks 1718-649.
Figure 4a illustrates the dependence of FW10 on the ionization potential
(Xﬁ) for 12 different forbiddem lines. Estimates of the errors are
shown along with the actual measurements, A correlation may be present,
but the scatter is large. If ): is replaced with ge(ggig), on the other
hand (b), the correlation coefficient rises from 0.28 to 0.91, and a
correlation is certain, Similar results were obtained for the FWHM of
lines, as summarized in Table 4. Note that the ionization potential
used in this paper and by FH corresponds to the actual ion wunder
consideration, rather than to the next less ionized species as in some
studies (e.g., Pelat, Alloin, and Fosbury 1981; De Robertis and
Osterbrock 1984). Also, the critical densities were calculated with
assumed temperatures ranging from 10000 K (for low-ionization lines) to
20000 K (for [Ne V]).

An important point is that 1lines from the same species and
characterized by different values of ge(ggig), such as the blue and red
[S IX] doublets as well as [0 III]A4959,5007 and [0 IXI1A4363, greatly
strengthen the correlation between width and Be(EEiE)- Pelat, Alloin,
and Fosbury (1981), who analyzed the type 1 Seyfert NGC 3783, also
suggested that line width increases with 23(2212)» but their correlation
between width and }C was equally good because they had no lines that
were capable of unambiguously discriminating between ): and ge(ggig).

Thus, clouds of high density (106—107 cm—s) clearly play a major
role in determining the emission-line spectrum of Pks 1718-649. These
densities are a factor of 10 to 100 higher than even the highest ones

normal ly found in the NLR of Seyfert galaxies and adopted in

rhotoionization models. Exceptions to this are several broad-line radio
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galaxies (Osterbrock, Koski, and Phillips 1976) and quasars (Baldwin
1975). As discussed in detail by FH, regions of high density enhance
auroral and transauroral lines such as [0 IIIJA4363 and [S II]1A4069,4076
relative to the nebular emission and mimic the effects of high Ie' No
conflicts exist with the temperatures required by photoionization
models, The simultaneous presence of low densities (derived from the
[S II] doublet) precludes the use of simple, single—density models.
Several other properties of the emiss;on lines should be mentioned,
[0 ITI]A4959 and [0 IIIIA5007 are blueshifted by 40-50 km sm1 with
respect to low—ionization lines, which share the systemic
(absorptiomline) velocity of ~ 4290 km s_l. This can easily be
explained in models which incorporate dust in the mnarrow-line clouds
(FH) . Not much dust is necessary to produce such a small difference,
and very little intrinsic reddening of the emission lines is indicated
by the observed Balmer decrement. After dereddening the emission lines
by év =0.70 mag (derived in § IITD), Table 2 shows that
I(Ha)/XI(HB)/I(Hy)/I(BS) = 3.65/1.00/0.48/0.27, close to the theoretical
decrement (Brocklehurst 1971) of 2.84/1.00/0.47/0.26. Only I(Ha)/I(HB)

is discrepant, but the difference is primarily due to the broad

component in the Ha profile.

IV. PICTOR A

a) Background

Pictor A is a 16th-magnitude elliptical galaxy at a distance of
~ 210 Mpc. Conspicuous optical emission lines (Schmidt 1965) and the
object’'s association with a strong double—lobed radio source led to its

classification as an N galaxy. Although the spectral index of the
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extended radio structure is ~ 0,9, Pictor A also exhibits a compact
unresolved core having a flat or even inverted spectrum, Its infrared
colors are consistent with a nonstellar continuum of power—law shape
(Glass 1981), and it is a source of hard X-rays (Marshall et al, 1979).
A bright, almost unresolved nucleus is visible in photographs of short
exposure, while deeper images show a smooth elliptical shape (e ~ 0.7)
with no irregularities or filaments. The optical emission lines have
both mnarrow and broad components (Danziger, Fosbury, and Penston 1977,
hereafter DFP); in particular, the broad wings of Ha have FWZI greater
than 20000 km s 1, and the profile of [0 I1A6300 is much wider than
those of [S II1A6716,6731. This is very similar to NGC 7213, and

inspired the detailed study discussed below,

b) Analysis of the Data

A new optical spectrum, convolved with a Gaussian having 5.3 K FWHM
to yield a resolutiom of ~ 7 X, is presented in Figure 5. The object's
redshift (cz = 10520 km s_l) was obtained by averaging the observed
wavelengths of [0 X], [S II], Ha, HB, and Hy. High-ionization lines
([0 III1A4959,5007, [Ne ITIIA3869) exhibit small relative blueshifts
(~ 60 km s—l), as in Pks 1718-649 and many other active galactic nuclei
(e.g., Grandi 1978; Wilson 1979). Vidths and intensities of emission
lines were carefully determined (Tables 2 and 3) with the techniques
described in é]II and by FH, DFP only measured peak intensities in the
central cores of lines, resulting in a number of discrepancies with the
ratios in Table 2,

As in type 1 Seyferts and quasars, the continuum is nearly

o
featureless: Ca II K has an equivalent width of only ~ 1 A, and that of
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the G-band (A4304) is £ 1.5 K. The continuum is therefore predominantly
of mnonstellar origin, High—ionization 1lines such as He IXI 14686,
[Ne III]l, and [Fe VII] indicate that it continues blueward to energies
of at least ~ 100 eV, photoionizing gas near the nucleus. Ha emission
is very broad (FWZI ® 20000 km s 1), with logarithmic wings to first
order (I(AM) ~ Cllog(AX) + C,, vhere Cl and C2 are constants).
Comparison with the data of DFP shows that its intensity and profile
vary with time., Broad emission is also visible in HB and He II 14686,
as emphasized in Figure 6.

A quantitative decomposition of the optical continuum ,( §IIII) is
illustrated in Figure 1b. The best fit is obtained when the data are
dereddened by Av = 0,17 mag, and a value of ~ 1.1 is derived for «a.
Unlike the case in Pks 1718-649, the nonstellar component dominates
starlight by a wide margin: at A4000, stars account for ~ 9% of the
total flux, and even in the red their contribution is only ~ 20%.
Objects with a less prominent nonstellar component than in Pks 1718-649,
or a stronger onme than in Pictor A, wounld be difficult to illustrate in
a manner analogous to that used here, so Figure 1 nicely represents two
rather extreme cases,

Simple extrapolation of the power—law continuum to UV energies
predicts an Ha flux of 9.93 x 10—14 erg s_1 cm-2 if Ha is produced
entirely by recombination of photoionized gas, This is nearly a factor
of three smaller than the observed (dereddened) intenmsity. As in
Pks 1718-649, a "UV bump” may account for the deficit, and its presence
is 1likely in view of the great similarity between Pictor A and other
Seyfert 1 galaxies. Furthermore, much of the Balmer emission may be due

to collisional enhancement in the high—density clouds (n ~ 109 cm—3

)
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which presumably exist in the broad—line region., A rather steep Balmer
decrement, I(Ha)/XI(HB)/I(Hy)/I(BS) = 4.75/1.00/0.43/0.21, supports this
hypothesis (Kwan and Krolik 1981).

The continuum and rich emissiom1line spectrum of Pictor A
demonstrate that gas is undoubtedly photoionized by nonstellar
radiation, On the other hand, the great relative intemnsity of
[0 IIA6300 puts Pictor A into the LINER class at least in some respects
(Heckman 1980), and heating due to shocks is often thought to be the
primary ionization mechanism in these objects. In fact, comparison with
the supernova remnant N49 (Osterbrock and Dufour 1973), the Cygnus Loop
(Miller 1974), and the models of Cox (1972) led DFP to conclude that gas
in Pictor A is heated by shocks. Their hypothesis was supported by the
anomalously intense [0 III]A4363, from which they derived a temperature
too high (~ 30000 K) to be compatible with photoionization. How, then,
can these results be consistent with the conclusions drawn from the new
data?

Casual.inspection of Figure 5 hints that the answer is exactly the
same as for Pks 1718-649 and NGC 7213 (FH): the [0 I1A6300 line is
broader than the entire [S II]A6716+6731 blend, suggesting that clouds
of different density and velocity may exist in the nuclear region.
Figures 7a and 7b provide compelling evidence that this is indeed the
case, since line widths are once again much better correlated with
n_(erit) than with X.

Relevant parameters of the unweighted, 1linear 1least-squares fits
are given in Table 4, A correlation between 1line width andyis

probably present, but this is to be expected even if ge(crit) is the

fundamental parameter since }f generally increases with increasing
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ge(ggig) for strong optical emission lines. Outstanding exceptions are
[0 I1A6300 and [S II]JA4069, and it is precisely these lines (together
with [0 III]A4363) that produce such a clear distinction between the two
relations in Figure 7.

Under the assumption that each line is emitted by clouds whose

density is equal to the appropriate value of ge(crit), Table 4 shows

that FWHM « 39’103i0'015 in Pictor A, A larger slope is obtained if the
FW10, rather than FWHM, is measured: FW10 <« 29'16119‘022. These

findings agree well with the model of optically thick clouds in
gravitational infall proposed by Carroll and Kwan (1983; see also Kwan
and Carroll 1982), which explicitly predicts that width should increase
with density. In this model, a reservoir of low—density gas produces
relatively strong, narrow cores in the emission lines and reduces the
variation of FWHM relative to that of FWZI (or FW10)., The low—density
gas is not always significant, however, as evidenced by Pks 1718-649 and
NGC 7213 (FH).

It is interesting that corresponding points in Figures 4b and 7b
have approximately the same positions relative to the line of best fit.
The points representing [o 1111, [o 11, and [S II] near
log[ge(ggii)] ~ 6 are good examples, and others are visible as well,
Measurement errors are unlikely to produce the effect. It may even be
consistent with the model of Carroll and Kwan (1983), which does not
predict a strictly linear relation between log(y) and log(m).

The comparable widths of [N II]A6583 and lines characterized by low
critical densities (~ 103 cm_3) suggest that [S II1A6724, [0 IX]1A3727,
and [N IlA5200 are all produced mainly in the 1low-density reservoir

(n, ~ 103-10% em 3

), which does mnot participate in the gravitational



- 142 -

infall (Carroll and Kwan 1983). IN IT1A658 is probably mnot an
additional member of this group, since it is produced mainly in clouds
of considerably higher density. Linear fits to [N II] and the other
high-density points (omitting those of low-density mentioned above) in
the correlation between FWHM and Ee(2£i£) give somewhat steeper slopes
than those in Table 4: Pictor A has a slope of 0.15 rather than 0.10,
while in Pks 1718-649 it is 0.17 (instead of 0.11). As discussed by FH,
a slope of 0.20-0.25 is expected if clouds move in Keplerian orbits
while maintaining a nearly constant ionization parameter, U.
Approximate constancy of U is an important result of the two—phase model
of QSO emission—line regions developed by Krolik, McKee, and Tarter
(1981), and a natural extension of this model to the NLR was possible in
NGC 7213 (FH). The similar behavior of the emission 1lines in
Pks 1718-649 and Pictor A provide additional evidence for the
confinement of clouds by a hot intercloud medium, although in these
galaxies U is not quite as constant.

The ratio I([0 III]IA4959+5007)/([0 III]1A4363), derived after
careful subtraction of Hy using the scaled profile of HB, is ~ 14, This
is much smaller than the value obtained by DFP (who did not attempt to
accurately deblend the line from Hy) and indicates a temperature of at
least 5.5 x 10* K if o~ 10* en ®. If the [S I1176716,6731 1lines are
used to derive the demsity, as was done by DFP, then n_~ 450 cm-_3 and
the temperature implied by the [0 III] ratio is still higher. At a
density of ~ 106 cm_3, on the other hand, the temperature is only
15000 K, as required by photoionization models,

Pictor A thus exhibits a great range of demsities, just as NGC 7213

and Pks 1718-649. Instead of the distinct narrow-line (low density) and
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broad-line (high density) regions often mentioned in commnection with
type 1 Seyferts, a more or less continuous range is presemt., Values
2 107 czm—3 are indicated by some forbidden lines, and the density must
be still higher 108 cm_s) in high-velocity clounds which produce the
broad wings in permitted lines. O0ddly enough, DFP saw "no evidence for
the existence of a high-density component,” even though their spectra

clearly show wings in the [0 I] profiles (compared with the mnearby

[S II] lines) and extremely broad Balmer emission,

V. MR 2251-178

a) Background

MR 2251-178 was the first QSO to be initially identified from X-ray
observations (Ricker et al., 1978). At the time of discovery, it was
only the second QSO known to emit X-rays, Its optical flux varies on
time scales of a few months (Ricker et al. 1979), and a weak,
unresolved radio source is present at ~ 5 GHz. Spectrophotometry by
Canizares, McClintock, and Ricker (1978) revealed a strong emission—line

spectrum dominated by broad permitted lines (FWZI ~ 20000 km s_-1

). The
derived redshift was 0.0638 + 0.0015, making MR 2251-178 very nearby
compared with most QSOs. It was originally called a QSO rather than a
type 1 Seyfert galaxy because of its high luminosity and stellar
appearance on plates from the Palomar Observatory Sky Survey.

Phillips (1980) showed that MR 2251-178 is associated with a
cluster of ~ 50 galaxies, and that faint nebulosity surrounds the
unresolved core. Detailed spectrophotometry by Bergeron et al, (1983,

hercafter BBDT) demonstrated the additional presence of a giant envelope

of photoionized gas around the QSO and its parent galaxy. Independent
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measurements indicate that I([0 III1A4959+5007)/1(0 IXI1A4363) is
between 7 and 9 in the nucleus (Canizares, McClintock, and Ricker 1978;
BBDT), substantially lower than the mnormal ratio (~ 25-50) for
photoionized gas im AGN. Furthermore, BBDI’'s spectrum shows two
relatively distinct components in some of the forbidden 1lines,
suggesting that clouds of different density may exist in the NLR.

The new spectrum, obtained through an 8” x 8" aperture wunder
photometric conditions, is illustrated in Figure 8. Only [0 III]A5007
was noticeably affected by coincidence 1losses (~ 8%), although small
inaccuracies may also exist in some of the other very strong emission
lines, The instrumental resolution was ~ 5.4 K, but the data in
Figure 8 were smoothed with a Gaussian to yield a final value of ~ 7 X.
The spectrum was dereddened under the assumption of a normal reddening
law and a Galactic Av of 0.05 mag (Burstein and Heiles 1982). A
redshift of 0.06397 + 0,00005 was calculated from the emission lines and
removed. No systematic differences in redshift between high— and
low—ionization lines were evident to within ~ + 15 km s—l.

HB has a FWZI of at least 25000 km s_l; it may be closer to 30000
km s 1 if the contribution of broad He II A4686 is small. This
indicates gas velocities of order 10% that of 1light, and implies
M~ 1010 Mg for the central object if the clouds are typically at radii
of ~ 0.1 pc.

Starlight 1is almost completely absent. The only measureable
absorption feature is Ca II K, whose equivalent width (~ 0.2 K)
demonstrates that stars contribute £ 2% of the flux near A4000. Since a

large aperture was wused, the strength of the line is increased by the

galactic nebulosity surrounding the QSO itself; the ratio of nonstellar
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to stellar flux in the unresolved nucleus is 2 100. Complementing the
featureless continuum is a prominent UV excess.

Properties of emission lines were measured in the usual manner
(Tables 2 and 3). Agreement with the results of BBDT is generally
satisfactory, except for the weakest features and badly blended 1lines.
A distinct, broad component of He II A4686 is probably present but
cannot be deblended from HB. The Balmer decrement is steeper than
reported by BBDT, and the Balmer lines themselves are weaker relative to
[0 IIIIA5007 and to the continuum, The equivalent width of HB is
~ 130 K, compared with the previously published (BBDT) value of ~240 K.
Thus supports previous claims of optical variability in MR 2251-178.

As suspected, the forbidden 1lines display a range of profiles
(Figure 9). The [0 II]A3727 blend is narrow and does not exhibit
appreciable wings. [0 III]A5007 (averaged with [0 IXI]A4959 in
Figure 9), on the other hand, has significant extensions to the blue and
red. The strength of the broad component relative to the nmarrow core is
still larger in the [Ne III] and [Ne V] lines., Unlike the case in some
high~ionization Seyfert galaxies recently studied by De Robertis and
Osterbrock (1984), [0 IIIJA4363 is broader than [0 IIIIA5007 and once
again demonstrates that ge(ggii) (rather than X ) is the fundamental
parameter,

Note that the deblending of [0 III]A4363 from Hy (Figures 9¢ and
9f) 1is wuncertain, Hy was assumed to have a symmetrical core, since a
scaled version of Hf could not be used due to marked differences in
unblended portions of the two profiles; the Balmer decrement clearly
varies with velocity. The [0 III] intensity ratio R is ~ 10, somewhat

higher than the approximate measurements by BBDT and by Canizares,
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McClintock, and Ricker (1978).

Figure 10 displays the intensity ratio R as a function of velocity
in the line profiles., Defining the peaks of the emission lines as zero,
it is clear that the strength of [0 ITII]A4363 relative to [0 III]JAS5007
increases dramatically in the extended wings. Under the simplifying
assumption of constant temperature (Ie = 15000 K) in the photoionized

gas, this means that the density of clouds increases monotonically with
their velocity. Higher densities (2 5 x 106 cm—3) probably occur at
even greater velocities than could be shown in Figure 10 (due to the

limited S/N ratios); similarly, the 1lowest densities (~ 106 cm.-3

)
represent only an upper 1limit because of contamination from dense,
high-velocity clouds moving transversely to the 1line of sight. The
increase of cloud velocity with density is confirmed by the strong
correlation between width and ge(ggig) for lines produced by different

species (Table 4). Thus, MR 2251-178 exhibits the same behavior as

Pks 1718-649 and Pictor A,
VI. DISCUSSION

The emissionline spectra of Seyfert galaxies were explained
reasonably well by early photoionization models involving prominent
nonstellar continua, especially following the incorporation of accurate
rates for charge-transfer reactions. A poor match was found, however,
with the observed characteristics of low—ionization galaxies (LINERs).
Instead, their spectral resemblance to supernova remnants suggested that
shock heating may be the dominant excitation mechanism.

Ferland and Netzer (1983) compared predictions of shock models with

the average spectrum of LINERs and found reasonably good agreement,
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except for several important inconsistencies in the prototype, NGC 1052.
Representative shock models in Table 5 show that a good fit is also
difficult to achieve in Pks 1718-649 and Pictor A, Shocks with higher
velocities must be postulated to explain the great strength of
[0 III]A4363, for example, but they would produce too much He II A4686
and He I A5876. Moreover, the presence of strong [Ne V] and [Fe VII]
(Table 2) is incompatible with shocks.

In light of these and other developments, emphasis has recently
shifted back to photoionization models, Extensive calculations (Ferland
and Netzer 1983; Halpern and Steiner 1983) suggest a continuity between
classical AGNs and objects exhibiting milder nuclear activity. It might
even be possible to reproduce the entire range of observed
characteristics mainly by varying the photon flux. Typical results
listed in Table 5, however, demonstrate that these models are also
inadequate. Temperatures derived from the observed intensity ratio of
the [0 III] lines are incompatible with photoionization, and the models
predict too much He II A4686. Relative photon fluxes must be greater in
order to produce significant [Ne VIA3426 (Halpern 1982), but then the
calculated intensities of [0 I]JA6300 and several other lines are too
small,

The continua of MR 2251-178 and Pictor A are completely dominated
by nonstellar radiation which extends far beyond the Lyman limit (as
evidenced by the strong flux at X-ray emergies). There can be no doubt
that the emission lines are produced by photoionization, and yet they
exhibit the exact problems discussed above! The same can be said for
NGC 7213 (FH) and probably even for Pks 1718-649, although the relative

strength of their ionizing continuum is not as great as in MR 2251-178
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and Pictor A, Clearly, then, an understanding of how all this is
possible may resolve the same difficulties in the interpretation of
LINERs.

The observations discussed here show that a partial solution is
provided by a great range of densities among clouds of gas in the NLR.
Values as low as 500 cm = and as high as ~ 107 cm.—3 must be present.
This is much larger than the range found in most type 2 Seyferts (Koski
1978), but it may be common in LINERs (Filippenko and Sargent 1984) and
broad-line radio galaxies (Osterbrock, Koski, and Phillips 1976). Dense
gas contributes strongly to auroral and transauroral lines such as
[0 ITI]A4363 and [S IIIA4069,4076, mimicking the effects of high
temperatures, The actual temperature can easily be compatible with
photoionization models, so shocks need not be invoked,

The observed correlation between line width and critical demsity in
all three galaxies suggests that clouds move through the NLR in
Keplerian orbits, Detailed models (Carroll and Kwan 1983) based on this
idea show that most of the emission is produced by clouds falling toward
the nucleus, and the predictions are in excellent quantitative agreement
with the new results, High densities in the individual clouds make them
optically thick to the Lyman continuum, so that each of them includes
every ionization stage up to a certain level. Strong [0 I] is produced
in a vast region of partially ionized (~ 10%) hydrogen (Halpern 1982).

A model developed by Péquignot (1984) concentrates on emission1line
intensity ratios in greater detail. Péquignot (1984) concludes that the
spectral characteristics of NGC 1052 require a density stratification of
the type reported here; single—density models fall far short of

providing adequate agreement (as in Table 5). Moreover, he suggests
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that the observed He II 14686 is too weak compared with the predictions
of simple photoionization models incorporating a power—law continuum
because the ionizing radiation is produced primarily by a hot
(T ~ 16+5K) accretion disk rather than by mnonthermal processes, The
ionizing flux drops rapidly at energies higher than ~ 4 ryd, in contrast
with a power-law spectrum. Sufficient He II A4686 emission is present
even in galaxies such as NGC 7213 (FH) and Pks 1718-649 (Figure 2a), in
which none at all is visible prior to the removal of a template
containing only absorption lines,

Some difficulties still remain, but these do not seem fundamental
or insurmountable. The predicted strength of [N I]1A5200, for example,
is too large (Table 5). This may be partially resolved by adopting a
higher minimum density imn the clouds, since Be(££i£) is very small,
Fur thermore, the charge—exchange reaction N+ + H—3 N® + H+ is slow, so
the abundance of neutral mnitrogen can be greatly affected by other
physical processes (such as ionization from an excited level of N+)

which are not properly treated in the models.,
VII. CONCLUSIONS

These data demonstrate that a variety of AGN have narrow—line
clouds which cover a great range in density and velocity, and the actual
values of the physical parameters are in all cases similar. Virtually
the same conclusions were drawn in the analysis of a classical LINER
(Pks 1718-649), a type 1 Seyfert galaxy with a strong stellar continuum
and strong low—iomization lines (NGC 7213), é classical Seyfert 1 galaxy
with some LINER characteristics (Pictor A), and a nearby QSO

(MR 2251-178). The respective flux of HB from the nuclei of these
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objects is very roughly 3, 5, 27, and 1560 in units of 1040 ergs s
and the intensity of a blue nonstellar continuum follows a comparable
progression, Since Balmer emission and nonstellar radiation are
indicators of “activity” in galactic nuclei, the results reported here
suggest that physical conditions and processes are similar in all these
objects,

In particular, they imply that photoionization, rather than shock
heating, is the dominant excitation mechanism even in LINERs. To test
this, a very sensitive search for weak nonstellar continua, [Ne VIA3426,
broad Ha emission, and correlations between line width and critical
density must be made in large numbers of LINERs. Some initial surveys
have already been conducted (e.g., Stauffer 1982; Keel 1983), and much
more detailed ones are in progress (Filippenko and Sargent 1984).
Preliminary results indicate the presence of these features in many
objects, as well as substantial continuity in their oprominence, and

therefore provide strong support for the photoionization hypothesis.

I am very grateful to Jules Halpern for many illuminating
discussions concerning physical conditions in AGNs, and for drawing my
attention to MR 2251-178, Observations were made with Steve Shectman's
Intensified Reticon at Las Campanas Observatory, where the assistance of
Angel Guerra, Fernando Peralta, and Hernan Solis was greatly
appreciated. This research represents part of my doctoral dissertation
at Caltech, It is supported by a graduate fellowship from the Fannie
and John Hertz Foundation, as well as by NSF grant AST-8216544 to my

advisor, Wal Sargent.
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TABLE 1

Journal of Observations

Object Date (UT) Time (s) ;/m' Ap (") R (i)" A) (i) Standard Air mass PA® See
Pks 1718-649 1983 Aug 09 3600 600 2 x 4 4-5 349%-7170 G158-100 1.24/1.25 180 1
1983 Aug 14 3000 1200 2 x 4 2-3 3210-5100 G158-100 1.24/1.24 180 1

Pictor A 1983 Aug 11 4200‘l 600 2 x 4 4-5 3890-7580 G24-9 1.49/1.22 % 1.5
MR 2251-178 1983 Aug 14 1200 1200 8x8 5-6 3210-5100 G158-100 1.09/1.06 % 1
1983 Aug 14 1200 1200 8x38 5-6 4730-6620 G158-100 1.06/1.04 9% 1

IC 4889 1983 Aug 13 ZSOOd 600 2 x 4 4-5 3900-7580 G24-9 1.18/1.13 136 1.5
1983 Aug 14 2400 1200 2 x 4 2-3  3210-5100 6158-100 1.,12/1.11 165 1

*Number of grooves/mm for each of the two gratings, blazed at ~ A5000.

bkesolution (R) denotes FWHM of unblended emission lines.

t"Ve::y approximate FWHM of seeing disk, in arc seconds.

dCirrns clonds were present during the integration,
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TABLE 2

Relative Intensities of Emission Lines®

Pks 1718-649 Pictor A M 2251-178

Line FFOR)  1/1oe)® mrow) mioe)®  mrow) mioe)®
[Ne VIA3346 0.042: 0.059: — _— 0.032: 0.034:
[Ne V123426 0.118 0.164 — — 0.123 0.126
[0 1123727 0.913 1.181 — —_ 0.172 0.175
HI 23798 —_ - 0.004: 0.004:
HI 3835 0.029: 0.031: 0.011 0.011
[Ne IIT1A3869 0.192 0.240 0.213 0.225 0.158 0.161
He I + HS A3889 0.070 0.087 0.080 0.084 0.050 0.051
[Ne III] + He 3970 0.09% 0.111 0.138 0.145 0.082 0.083
IS 11124071 0.211 0.254 0.096 0.100 0.010: 0.010:
HG A4102 0.122 0.145 0.172 0.180 0.111 0.112
[Fe II]pn4250 ?° 0.004: 0.004:
[Fe I1]A4281 ?2° 0.008: 0.008:
Hy 14340 0.224 0.254 0.355 0.366 0.328 0.331
[0 III124363 0.091 0.103 0.092 0.095 0.132 0.133
He I A4471 0.004: 0.004:
He II 14686 0.048 0.051 0.136 0.138 0.022¢ 0.022%
BB A4861 0.517 0.529 0.847 0.852 1.396° 1.398°
[0 IXII1A4959 0.306 0.309 0.350 0.351 0.338 0.338
[0 III1A5007 1.000 1.000 1.000 1.000 1.000f 1.000f
[Fe VIIIA5159 0.029 0.029 0.016: 0.016:
[N 1]15200 0.010: 0.010: 0.019 0.019 0.003: 0.003:
Fe II ~A5270 18 0.045: 0.044:

[0 IIA5577

see ees 0.022: 0.021: ves oo
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(Table 2, continued)

[Fe VIIIA5721 0.021: 0.020: — —
He I 15876 0.041:  0.036: 0.068 0.066 — —_
o 1126300° 1.0 0.902 0.482 0.459 —_ —
[0 1126364° 0.376 0.305 0.145 0.138 — —_
IN I1126548° 0.185 0.147 0.033  0.031 —_ —
Ha 16563° 2.437 1.930 428 4.047 —_ —
IN Ia6s8s” 0.558 0.441 0.100 0.094 — —_
{S III6716" 0.443 0.345 0.119 0.112 —_ —_
[s I11A6731° 0.385 0.299 0.116 0.109 — —
A, (mag)® 0.70 0.17 0.05
F(R) (erg s > o Ht 5,06 x 20714 6.09 x 10714 6.35 x 10713
IR) Cerg s e ®d 1,072 12078 7.30 x 10714 6.70 x 10723

"Dashes (——-) indicate line mot available in data. Dots (...) signify extremely
wesk or nonexistent linme., Colons denote very uncertain measurements (+ 100%).
Asterisk moans flux calibration somewhat affected by second—order contamination,

bAv = 3.ZEB_V used to deredden fluxes, Av given at bottom of table.

®Lines identified by Bergeron ot al, (1983),

dInclndet only the well-defined narrow component.

®Contains slight contamination from broad component of He XII A4686.
t.Dutm affected by coincidence losses, Intensity replaced by 2.96 times F(I0O III1A4959).
‘Pouibly Fe II emission, but it is absent elsevhere in the spectrum.

hI)ex'iverl from continuum decomposition in Pks 1718-649 and Pictor A; Galactic

reddening in MR 2251-178.
iNZ = [0 IYI]A5007. Flox is absolute only in MR 2251-178. Small (2* x 4") aperture

used for other two objects, Reddening not removed.

ane as (i), but with reddening (given by Av) removed,
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TABLE 3
Widths of Forbidden Lines (km 1—1)‘

Pks 1718-649 Pictor A R 2251-178
Line? a (orit) (m ) X(eV® FPEM FW10  FWEM FW10  FWEN FWZI
[S IX1A6716 1.2 x 103 23.3 500 1000 300 650 cer aes
[N 11251992 1.3 z 103 14.5 cer aee 250 400 e aee
{o 11123727° 3.0 x 103 35.1 450 820 cer ees 200 700
(S II1A6731 3.1 x 103 23.3 500 990 340 720 cer aee
[N II1A6583 9.2 x 10% 29.6 500 1000 320 690 e aes
[0 111124959 7.9 x 10° 54.9 550 1700 470 2020 390 2980
[0 III1A5007 7.9 x 10° 54.9 570 1950 480 1820 410 3000
{0 1116300 1.4 x 10° 13.6 1200 2450 600 2210 e aee
[0 T1r6364 1.4 x 105 13.6 1250 2200 580 1870 e ee
[S 11114069 1.7 z 108 23.3 1390 2800 690 2200 cer e
[Ne III]A3869 1.2 x 107 63.5 950 2450 650 2170 510 3600
[Ne III]A3967 1.2 x 10" 63.5 90 1850 540 1850 570 3300
[Ne V113346 1.9 x 107 126.2 1750 ... oo aen 450 2700
[Ne V113426 1.9 x 107 126.2 2050 3100 e aee 640 4000
[0 II1]24363 3.0 x 107 54.9 1300 2900 1000 2600 800 3850

SYWHM = full width at half-mazimum;
FWZI = full width at zero—intensity.

b

Listed in order of increasing critical demnsity.

®Ionization potential of species producing the emission lime.

dWidths refer to each of the two blended components.

FW10 = full width at 10%-intensity;

Resolution of spectrograph removed,
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TABLE 4

Unweighted Line—width Correlations: y = A + Bx

Object Relation® Nb A B o, °p £ Probd
Pks 1718-649 FWHM vs, ne(crit) 13 2.27 0.113 0.16 0.027 0.78 0.998
FWEM vs, X 13 2.71 0.131 0.36 0.227 0.17 0.424

FW10 vs. ne(crit) 13 2.55 0.122 0.10 0.017 0.91 ~1.000

F¥W10 vs. X 13 2,94 0.200 0.32 0.205 0.28 0.651

Pictor A FWHM vs. ne(crit) 12 2,11 0.103 0.09 0.015 0.91 ~1,000
FWEM vs. X 12 2.32 0.242 0.29 0.192 0.37 0.764

FW10 vs, ne(crit) 12 2.23 0.161 0.13 0,022 0.92 ~1,000

FW10 vs. X 12 2.47 0.448 0.44 0.294 0.43 0.841

MR 2251-178 FWHM vs, ne(crit) 8 1.86 0.125 0.13 0.019 0.94 0.999
FWEM vs. X 8 1.77 0.493 0.61 0.331 0.52  0.813

FWZI vs. ne(crit) 8 2.36 0.168 0.19 0.029 0.92 0.999

FWZI vs, X 8 2.10 0.733 0.80 0.436 0.57 0.856

LThe common logarithm of each variable is used.

bNumber of points (see Table 3).

cCorrelntion coefficient,

All points considered to be independent.

dProbahility that the two variables are correlated.

© [Ne V123346 excluded for comsistency with FW10.
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TABLE §

Photoionization Shock

Line Pks 1718-649 Pictor A m* m® m® sue?  swm® mmf
[Ne V1234268 0.31 0.01 ...
fo Imas72?® 2.23 6.4 4.47  5.58 8.55 5.23  8.06
[Ne III1]113869 0.45 0.26 1,01 0.88 0.38
[0 III)A4363 0.19 0.11 0.03 0.15 0.03 0.25 0,18  0.26
He II A4686 0.10 0.16 0.17 0.27 0.18 0.12  0.03 <0.01
HP A4861 1.00 1.00 1.00 1.00 1.00 1,00 1.00 1.00
[0 III)1A5007 1.89 1.17 2,18  7.95 1.99 5.51  4.10  4.32
IN IIas200® 0.02 0.02 0.26 1.00 2.36 1.70 0.06  0.03
He I A5876 0.07 0.08 018 0.15 0,17 0.19  0.15 0.1
[0 1126300 1.7 0.54 0.96 1.39 2.96 1.82 1.60 0,08
Ha 76563 3.65 4.75 3.1 3.10 3.08 2.98 3.06 3.25
[N 11126583 0.83 0.11 1.6 3.06  4.25 2.96 2.68  1.40
[s 111267242 1.22 0.26 2.5 6.01  4.62 1,05

®Ferland and Netzer 1983, Table 3, 1031011 =-3.5, a =1,5, sbundances 0.3 solar,

b

Halpern 1982, Log U =

®Halpern 1982, Log U =

d

Shull and McKee 1979,

®Shull and McKee 1979,

fklynond 1979, model D, v(shock) = 81.5km s .

-2, oovering fraction = 0,90, o = 1.1, logmn = 3.5 (cn_s).

-2, covering fraction = 0,97, ¢ = 1.1, loxlon = 3.5 (cn.s).

model G, v(shock) = 130 km :-1, a(preshock) = 10 om -,

model H, v(shock) = 100 km 3_1, n(preshock) = 100 cm °,

‘Intensity is ~ 0 in shock models,

hBoth lines of doublet are included.

1

3

3
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FIGURE CAPTIONS

Figure 1: The smoothed continua of (a) Pks 1718-649 and (b) Pictor A are
decomposed into an old stellar population and a nomnstellar power law of
index a. The absolute flux calibration is uncertain because data were
obtained through small entrance apertures. Least-squares fits were used
to derive the reddening of the continuum, the coantribution of stars at
A5460, and the eapproximate valwe of a. At optical wavelengths
Pks 1718-649 consists mostly of starlight, whereas Pictor A is dominated

by nonstellar radiation,

Figure 2: Spectra of (a) Pks 1718-649, (b) the template galaxy IC 4889,
and (c) the emissionline component of Pks 1718~649 are shown on the
same ordinate scale but with different zero—point offsets. The
nonstellar continuwum (Fig, 1a) was removed in (a), and the spectrum
dereddened by AZ = 3.2§B_2 = 0.70 mag, Small adjustments were made to
the metallicity and overall shape of IC 4889 to make them match those of
Pks 1718-649. In the net spectrum (c), note the faint emission (such as

He II A4686) previously hidden among absorption lines,

Figure 3: Spectra of Pks 1718-649 and Pictor A demonstrate the presence
of broad Ha emission and the markedly different profiles of [0 I] and
[S II1. Stellar and atmospheric absorption was not removed. Balmer
emission lines have prominent, roughly logarithmic wings in Pictor A,

whereas the broad Ha exhibited by Pks 1718-649 is very weak.

Figure 4: (a) Log,,FW10 is plotted againmst loglo?L for 13 forbidden
lines in Pks 1718-649, where in each case )( is the ionization potential

of the emitting species, The scatter is large: there is a 35% chance
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that the parent population is wuncorrelated., If ;( is replaced with
ge(crit) as in (b), the correlation coefficient increases from 0.28 to
0.91 and the probability of an uncorrelated parent population drops to

virtually zero, An error bar of + 25 indicates probable uncertainties

in theoretical calculations of ge(crit).

-—

Figure 5: A dereddened (Av = 0,17 mag) spectrum of the central 2" x 4"
of Pictor A is shown, The systemic velocity has been removed, as in all
other spectra illustrated here. A Gaussian was used to smooth the data
to a resolution of ~ 7 X. Relative fluxes are accurate to ~ 10-15%,
except redward of ~ A6200. The absolute calibration is uncertain due to
thin clouds. Note the strong emission lines from neutral as well as

highly-ionized species, Stellar absorption lines are weak,

Figure 6: A portion of the spectrum of Pictor A illustrates the wide
range of donization, including 1lines of [N I] and [Fe VII]. The
relative intensity of the broad wings in He II A4686 and HP is much
greater than that of the narrow cores, indicating that the iomization

parameter is largest in the broad-line region.

Figure 7: (a) A comparison of the FWHM of forbidden 1lines in Pictor A
and the corresponding values of ): reveals the presence of a correlation
(probability = 0.76). Different emission lines from the same species
(e.g., [S II]l, [0 III]), however, have very disparate widths, suggesting
that x:is not the fundamental parameter. As in Pks 1718-649, the
correlation is greatly improved (b) if the appropriate critical density,

rather than }f, is used for each emission line,

Figure 8: The spectrum of MR 2251-178, obtained through an 8" x 8"
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aperture under photometric conditions, is shown. Magnitude

AB = —2.Slog(£v) - 48.6, where gv is in erg s—1 cm”2 Hz—l. A Galactic

of 0.05 mag was used to deredden the data, which were

g

°
Gaussian—-smoothed to & resolution of ~ 7 A, The Balmer lines are very

broad, and a prominent UV excess is visible.

Figure 9: Profiles of five different emission lines, given in order of
increasing Qe(EEiE): illustrate the presence of a range of demsities in
the NLR of MR 2251-178., The width and relative promimence of the broad
base rises with ge(ggig). Marked differences are visible in lines
arising from the same species ([0 III]), even considering uncertainties
in the deblending of [0 III]1A4363 from Hy (Figs. 9¢, 9f). This is

similar to the observed behavior in Pictor A and Pks 1718-649.

Figure 10: The ratio I([0 III]1A4959+5007)/I([0 II1124363) is plotted
against velocity (ie., position in the line profile) for MR 2251-178.
The zero—point corresponds to the peak of each line. Using
Ie = 15000 K, the derived value of n, is also given., The ordinate scale
at left refers to the [0 III] flux ratio, that at right to the density.
Low-velocity clouds are clearly the 1least dense, especially if

contamination of the emission—line cores by high—-density clouds moving

transversely to the line of sight is taken into account.
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CHAPTER 5

A Search for "Dwarf” Seyfert 1 Nuclei.

I. The Initial Data and Results,

Alexei V, Filippenko and Wallace L, W. Sargent
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Now, if I wanted to be one of those ponderous scientific
people, and "let on"” to prove what had occurred in the remote
past by what had occurred in a given time in the recent past,
or what will occur in the far future by what has occurred in
late years, what an opportunity is herel,..

In the space of one hundred and seventy—six years the Lower
Mississippi has shortemed itself two hundred and forty—two miles,
That is an average of a trifle over one mile and a third per
year., Therefore, any calm person, who is not blind or idiotic,
can see that in the 0ld Oolitic Silurian Period, just a million
years ago next November, the Lower Mississippi River was upward
of one million three hundred thousand miles long, and stuck out
over the Gulf of Mexico like a fishing—-rod. And by the same
token any person can see that seven hundred and forty—two years
from now the Lower Mississippi will be only a mile and three—
quarters long, and Cairo and New Orleans will have joined their
streets together, and be plodding comfortably along under a
single mayor and a mutual board of aldermen. There is something
fascinating about science. One gets such wholesale returns of

conjecture out of such a trifling investment of fact,

"Life ofh the Mississippi” (1874)

Mark Twain
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ABSTRACT

A sensitive search for low—luminosity type 1 Seyfert galaxies is
being conducted with spectra having ~ 2.5 X resolution and very high
(2 100/1) signal-to—mnoise ratios., Thus far the mnuclei of 66 bright,
predominantly spiral galaxies (including 26 of the 30 LINERs originally
surveyed by Heckman) and 9 well-known Seyferts have been observed with
the Palomar 5 m telescope. Four physically independent forbidden lines
as well as Ho are included in the spectral region discussed here
(AA 6200-6880). Although a detailed analysis of the data will be given
elsewhere, in this paper we present the data and draw some important
initial conclusions.

Compared with the forbidden emission, Ha exhibits extended wings in
at least 19, and possibly up to 28, of the 75 objects. Of the 26 LINERs
listed by Heckman, 8 to 12 show broad Ha. The equivalent width of the
broad component ranges from nearly zero to values comparable to those in
luminous active galactic mnuclei, suggesting the presence of mild
nonthermal 'processes in a significant fraction of all nearby galaxies.
Furthermore, the relative intensities of [0 I]A6300, [N II]A6583, and
[S ITIA6716+6731 in these objects are consistent with photoiomization by
a power—law continuum, This is especially true if the high densities
implied by the correlation between 1line width and critical density
(observed in a number of objects) is taken into account. Rotational
broadening contributes substantially to the observed widths of limnes in
many objects, Ha emission often appears narrower than the adjacent
[N II]1 1lines; this can partially, but not completely, be explained by

the presence of underlying Ha absorption.
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These data indicate that the faint end of the Iluminosity function
of active galaxies is much more populated than was previously believed.
Given the paucity of nearby QSOs and the growing evidence that they
reside in galactic nuclei, it is likely that many of the objects we

observed were QSOs in the distant past.

Subject headings: galaxies:general—galaxies:nuclei——

galaxies:Seyfert—1ine profiles
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I. INTRODUCTION

Many of the observed properties of QSOs, Seyfert galaxies, BL Lac
objects, and certain radio galaxies are similar, and it is natural to
ask whether these objects are in any way related to each other. One
fruitful approach to the problem is to quantify the range of values that
a given feature exhibits. For example, the discovery of Seyfert mnuclei
which are as bright as low—luminosity quasars and spectroscopically
indistinguishable from them suggests that similar mechanisms of energy
generation may be prevalent in many active extragalactic objects
(Weedman 1976). Moreover, deep images of almost all relatively
low-redshift (z £ 0.5) QSOs reveal the existence of extended nebulosity

whose properties are similar to those of 1local (z £ 0.05) spiral
1981

galaxies and Seyferts (e.g., Wyckoff et al.; Boroson, Oke, and Green

1982; Hutchings 1983)., These studies demonstrate that most QSOs are
probably the bright nuclei of distant galaxies in which nonthermal
processes dominate the stellar component.

Although the gap between QSOs and luminous Seyfert galaxies has now
been bridged, that between low—luminosity active galactic nuclei (AGNs)
and "normal’” nearby galaxies is still prominent. To gain a deeper
understanding of the relationship between all these objects, and of the
physical processes which occur within them, it is mnecessary to close
this gap. It is particularly important to accurately determine the
luminosity function of AGNs which exhibit only mild activity: if =a
sufficiently 1large number of galaxies contain a massive central black
hole which is deprived of fuel (accreting gas), then it is 1likely that

most galaxies began their lives as QSOs,
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In light of this, there has recently been much emphasis on
determining the number density and mnature of nearby emission—line
galaxies, Peimbert and Torres—Peimbert (1981), for example, detected
broad Ha emission in the nucleus of M81, and the studies of M51 by Rose
and Searle (1982) and by Rose and Cecil (1983) provide evidence for
low-level nonthermal activity in an otherwise normal spiral galaxy.
Futhermore, Heckman (1980), Stauffer (1982a, b), and Keel (1983a, b)
showed that many galactic nuclei ("LINERs”) exhibit emission lines whose
intensity ratios do not resemble those found in ordinary galactic and
extragalactic HII regions.

The exact nature of the activity in these objects, has inspired
much debate (e.g., Pagel and Edmunds 1983). Ferland and Netzer (1983)
and Halpern and Steiner (1983) independently showed that most of the
observed characteristics can be understood in terms of photoionization
by a nonstellar continuum, but some of the emission—line intensity
ratios nevertheless argue for shock-heating of the gas. Recent
investigations, however, strengthen the arguments for photoionization
(rather than heating by shocks) as the dominant excitation mechanism,
First, the intensity of [0 III]A4363 measured by Koski and Osterbrock

(1976) and Fosbury t al, (1978) was probably too large in NGC 1052,

the prototypical LINER (Keel and Miller 1983; Rose and Tripicco 1984).,
Smaller values lead to lower derived temperatures and eliminate some of
the conflict with simple photoionization models., Similarly, He II A4686
has been systematically underestimated in LINERs because of underlying
absorption lines (Filippenko and Halpern 1984, hereafter Paper 1I;

Filippenko 1984a, hereafter Paper II).

The second, physically wmore fundamental, discovery is that
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narrow-line clouds of very different density exist in some LINERs,

Seyfert galaxies, and QSOs, and that the densest gas can have

a -~ 107 cm—3 (Papers I and II). Such conditions lead to an enhancement
of transauroral and auroral lines such as [0 III1A4363 over the mnebular
lines, mimicking the effects of high temperatures., Three of the four
galaxies in Papers I and II (NGC 7213, MR 2251-178, Pictor A) are
clearly photoionized by a mnonstellar continuum, indicating that the
spectral characteristics of LINERs can easily be produced by mechanisms
other than shock heating.

A key to these discoveries was that forbidden lines associated with
high critical densities are broader than those with low values of
ge(ggig), implying a density stratification among clouds in  the
narrow—line region (NLR). Moreover, the presence of broad Balmer
emission, one of the defining spectroscopic characteristics of QSOs and
Seyfert 1 galaxies, suggests a direct link between LINERs and classical
AGNs. Clearly, then, one very fruitful approach to determining the
faint end of the luminosity function of '"dwarf” AGNs is to search for
broad Ha emission and differences among the widths of forbidden lines in
as many galaxies as possible.

Heckman (1980), Stauffer (1982a, b), and Keel (1983a, b) have
already conducted spectral surveys of the region near Ha; the combimed
number of objects is several hundred. The results have been
encouraging, Heckman (1980) noted that [0 I]A6300 is broader than other
prominent lines such as [S II]A6716,6731 in several LINERs, and all
three workers detected (or suspected) the presence of a broad component

of Ha in a number of objects. Unfortunately, most of the data either

are not of sufficient resolution to look for small differences in line
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widths, or do not have the high signal-to—noise (S/N) ratios mnecessary
in a sensitive search for weak wings in the profile of Ha. Moreover,
these studies have generally concentrated on spiral galaxies because
most classical Seyferts are spirals (Adams 1977; Simkin, Su, and
Schwartz 1980), thereby precluding the possible discovery of similar
activity in elliptical and SO galaxies.

We have therefore begun a large spectroscopic program to measure
the region around He (AA6200-6880) in a complete sample of galaxies,
with the hope of eventually determining the luminosity function of AGNs
having faint nonstellar activity. This will be achieved by quantifying
the intensities and profiles of the physically independent emission
lines [0 I]A6300+6364, [N II]1A6548+6583, [S 1116716, [S II16731, and Ha.
The data are of exceptionally high quality: the S/N ratio per
resolution element in the coantinuum of most objects is of order 100/1,
and the spectral resolution is ~ 2.5 K.

Here we present the first results of the survey, which includes a
total of 75 galaxies. In order to establish the feasibility and
scientific rewards of the project, we concentrated on Heckman's (1980)
LINERs and on galaxies from the surveys of Stauffer (1982a, b), Keel
(1983a, b), and Filippenko (Palomar 1.5 m telescope, unpublished) which
seemed particularly interesting. These objects were among the most
likely candidates for "dwarf” Seyfert 1 nuclei, and many were indeed
confirmed as such. Also included, for comparison, are 9 bright,
"classical” Seyferts from Weedman's (1977) 1list. As the survey
progresses, we will deal with similar results in an analogous manner.
In addition, all of the data will be calibrated on an absolute flux

scale by obtaining short integrations on the objects during photometric
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conditions, It is hoped that a sample of at least 500 galaxies brighter
than BT ~ 13 will eventually be published.

Section II discusses the observations and the procedures adopted to
reduce the data. The most important conclusions, as well as an atlas of
red (Ha) spectra, are presented in éIII. Galaxies are discussed on an
individual Dbasis in § Iv. A detailed analysis of the emission and
absorption lines, including information derived from spectra in the
range AA4200-5200 taken simultaneously with the Ha data, will be

discussed separately (Filippenko and Sargent 19844 hereafter FS).
II. OBSERVATIONS AND REDUCTIONS

Two—dimensional data were obtained in July 1982 and February 1984
with the Double Spectrograph (Oke and Gunn 1982) attached to the
Cassegrain focus of the Hale telescope at Palomar Observatory. The
Journal of Observations is given imn Table 1. A grating having 1200
grooves/mm was installed in the “red camera,” and a TI CCD (Texas
Instruments Charge—Coupled Device) consisting of 800 x 800 square pixels
(0.58 x 0.58 arcsecz) detected and stored photons over the range
A26300-6900 X. The "blue camera” was equipped with an RCA CCD in
February 1984, and with Shectman’s (1982) twvo-dimensional
photon—counting detector in July 1982, but the spectra (A £ 5200 X) will
be discussed in greater detail elsewhere (FS). In most cases the slit
width was 2", resulting in a spectral resolution of ~ 2.5 K. When
possible, the slit was aligned along the direction of atmospheric
refraction in order to minimize relative light losses (Filippenko 1982).
Although the observed galaxies were bright, +typical integration times

were 900-1200 s to ensure the very high S/N ratios (~ 100/1) necessary
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for the detection of faint emission lines.

Bright secondary standards (Oke and Gunn 1983) were used to
accurately calibrate the observations obtained in February 1984. During
July 1982, on the other hand, the white dwarf LDS 749B (Oke 1974) was
observed instead, resulting in a less reliable determination of the
overall spectral response., Most of the nights were not photometric, and
in many cases thick clouds seriously hampered observations, so absolute
fluxes will not be derived here.

The wavelength scale was established by fitting a quartic
polynomial to unblended emission lines of Ar and Ne comparison spectra
taken throughout each night, Pixel-to—pixel variations in the response
of the CCD were removed with exposures of the dome ceiling illuminated
by a hot tungsten lamp. The bias level for each data frame was recorded
as a single number for every column along the dispersion,

During the reduction procedure, slight tilts and distortions of the
spectra with respect to a straight column of pixels were removed with
the appropriate cubic polynomial. The spectrum of each object was then
obtained by eaedding together a total of seven pixels centered on the
nucleus, and therefore corresponds to a measurement through a 2" x 4.1"
ef fective aperture, These spectra will later be supplemented with data
of similar resolution and aperture size, obtained at Las Campanas
Observatory for a number of Southern galaxies. In some cases (Table 1)
11 pixels were summed to increase the S/N ratio, giving a 2" x 6.4"
aperture,

Subtraction of the sky was accomplished by determining its level in
regions distant from the nucleus and interpolating with a coastant or

linear polynomial., Cosmic rays detected by the CCD were eliminated from
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the sky region during this procedure. Since many of the observed
gelaxies are very extended or have of f-nuclear HII regions, the sky was
rarely completely free of contamination by the object, but in most cases
the resulting errors in equivalent widths of lines are minor. Slight
differences in wavelength between the sky and object spectra (primarily
caused by poor efficiency of charge transfer in regions containing few
counts) sometimes produced imperfect subtraction of [0 I1A6300 and
[0 T]1A6364, which are almost always much stronger than any other
emission features over the observed range of wavelengths, The tell-tale
"spikes,” as well as those caused by cosmic rays, were found by
inspection and deleted where possible.

Absorption at ~ L6860 due to atmospheric 02 (the "B band”) was
removed by dividing the spectrum of each object by that of a sdF star
(Oke and Gunn 1983), which are intrinsically nearly featureless (except
for Ha) around this region, Differences in air mass were scaled
appropriately in this procedure. Nevertheless, in many cases it was
obvious that spurious features were introduced by the division, so the

data near the B—band were discarded.

III. RESULTS

The spectra of all 75 objects over the range AA6200—-6880 are shown
in Figures 1 through 9, In each case the redshift was removed.
Heliocentric redshifts were gemerally taken from Sandage and Tammann
(1981), but slight corrections were necessary in a number of objects.
Table 1 1lists the integration time, position angle, and effective
aperture used for each spectrum. The spectra of objects with moderately

(or very) strong emission lines were scaled so that the strongest
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emission line has approximately the same physical height. Although the
intensity scale is linear and represents the flux per unit frequency
interval, the actual continuum cannot be determined since zero—point
offsets are different for each galaxy.

Casual inspection of the figures reveals the remarkably great
variety among the spectra. Section IV provides a description of each
galaxy, The equivalent width of the Ha + [N II] blend was measured in
each galaxy and listed in Table 1., At best, only a partial removal of
Ha absorption was attempted. FS analyze the data in much greater detail
by initially subtracting an absorption—line template from each galaxy,
as illustrated and described at length for NGC-;::z (QIV; PFigure 12).

The main results of our preliminary measurements can be summarized
as follows:

1) Out of the 75 galaxies surveyed, 19 definitely have a broad
component of Ha, Of these, 10 were known Seyfert galaxies, and in a few
others broad Ha was suspected by previous workers in data of poorer
quality. Four additional objects probably exhibit a broad Ha component,
and five others possibly contain one as well, The detailed analysis by
FS may disclose additional candidates, but already it is clear that the
number of bright galaxies that are classical type 1 Seyferts or "dwarf”
Seyferts is much larger than previously thought.

Heckman (1980) published a list of 30 LINERs (aside from a few
which he found in the literature), out of which we observed 26. A very
significant result is that 8 to 12 of these (27% — 40%) exhibit broad
Ha, indicating that LINERs are indeed a fruitful hunting ground for
"dwarf” Seyferts., The statistics become even more impressive when one

considers that very few of the surveyed objects which had not been
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previously classified as either Seyferts or LINERs were found to have
broad Ha emission,

2) At least 30% of Heckman’'s (1980) LINERs have broader [0 I]A6300
than [S II]1A6716,6731, and in many cases [0 I]A6300 has very extended
(almost Lorentzian) wings. It was shown in Papers I and II that this
behavior must be interpreted as an increase in the cloud velocities with
increasing density, since the critical density of [0 I]A6300 is a factor
of 1000 greater than that of [S IIJA6716,6731. A range of densities is

7 -3

present, including values as high as 106—10 cm ©, When combined with

photoionization models involving a low ionization parameter (Halpern and
Steiner 1983; Ferland and Netzer 1983), the resulting relative
intensities of emission lines are in good agreement with observatiosas,
eliminating the necessity of invoking shocks to ionize the gas. In
fact, Papers I and II show that shocks cannot explain some of the
observed characteristics, so photoionization by a dilute power—law
continuum is almost certainly the excitation mechanism. Thus, the
"shock” region in the diagrams of Baldwin, Phillips, and Terlevich
(1981) have probably been interpreted incorrectly.

With the possible exception of only omne or two galaxies,
differences in the width of [0 I] and [S XII] were accompanied by the
presence of broad Ha, Papers I and II indicate the same correlation in
Pks 1718-649, NGC 7213, and Pictor A. Forbidden emission in the
QSO 2251-178 (Paper II) also displays different widths, although the red
[0 I] and [S II] lines were not available for examination,

3) Rotational broadening often contributes to the observed line
widths, and in some cases the increase may be ~ 400 km s-l, depending on

the orientation of the observer’s entrance aperture. Global rotation of
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the nucleus can mask the sometimes effects discussed in (2), which are
often subtle. On a related matter, Ha emission appears mnarrower than
the adjacent [N II] 1lines in a number of galaxies. Not all of this

effect is likely to be due to underlying Ha absorption,
IV. NOTES CONCERNING INDIVIDUAL OBJECTS

We will now briefly describe the interesting features of each
spectrum, The instrumental resolution has been removed from the quoted
line widths with the relation

2 - 2 2
(FWHM) = (FWEM)™ . = - (FWHM)

true inst ’

where the subscripts refer to the intrinsic ("true”), observed, and

instrumental widths, respectively.

NGC 404: Extremely narrow emission lines are visible in the
spectrum (Figure la), which was obtained through a 1" slit., The strong
[0 I] and [S II] emission puts this object into the LINER class, but it
is a peculiar member since the blue continuum and high—order Balmer
absorption lines are indicative of a relatively recent episode of star
formation (Keel 1983a).

NGC 1052: This is the prototypical LINER, and the primary reason
for the <classification of similar galaxies as shock-heated (Koski and
Osterbrock 1976; Fosbury et al, 1978; Heckman 1980). The [N II] and
[S II] 1lines are very broad (FWHM ~ 400-500 km s—l), and the width of
[0 IIA6300 is still greater (750-800 km s_l). Inspection of the
two—dimensional CCD spectrum reveals that a significant fraction of the
width is produced by rotational broadening: the steep rotation curve

covers a velocity difference (Avmax) of 250-300 km s_1 over only a few
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arc seconds, Extremely weak wings on either side of the [N II] + Ha
blend in VFigure 1a are probably due to Ha emission similar to that in
the broad-line region (BLR) of type 1 Seyfert galaxies, A good
comparison may be made with NGC 4051 (Figure 4b), & Seyfert of low
luminosity and relatively narrow Balmer lines.

NGC 1068: This famous type 2 Seyfert galaxy (Seyfert 1943;
Weedman 1977) has extremely broad emission 1lines: the FWHM of the
uncontaminated [0 I] lines is ~ 1100 km s ', and studies of the
[0 III]A5007 profile by Alloin et al. (1983) and others show remarkably
complex structure, The emission is clumpy ©both parallel and
perpendicular to the dispersion, Figure 10 shows that no extremely
broad Ha is 1likely to be present, although a broad component
corresponding to the ome in HP possibly detected by Malkan and
Filippenko (1983, hereafter MF) may be hidden by the strong [N II].

NGC 1167: [0 I]A6300 (FWHM ~ 700 km s 1

) is broader than the
[S II] and [N II] lines (FWHM ~ 550 km s—l). A very weak component of
even broader Ha emission may be present, but a detailed analysis (FS) is
necessary to confirm this. As in many galaxies observed in our survey,
the intensity of [0 I]A6364 appears to be less than the theoretical
prediction [~ 0.33I([0 XI]1A6300)] because of strong absorption lines of
Fe I at AA6355, 6359,

NGC 1169: Considerable rotation in the mnucleus (Avmax ~ 150-200
km s_l) contributes significantly to the observed widths of emission
lines, Underlying absorption decreases the apparent strength of the Ha
emission line.

NGC 1275: Figures 1b and 10 reveal weak, remarkably broad wings in

the profile of Ha (FWZI ~ 19000 km s—l), considerable differences in the
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profiles of [0 I] and [S II], and the almost complete absence of stellar
absorption lines in this well-known Seyfert galaxy (Seyfert 1943). The
extended Ho emission is logarithmic to first order. [0 I]A6300 exhibits
a relatively mnarrow core, & component of intermediate width, and weak,
very extended wings (FWZI ~ 6000-7000 km s—l), while the [S II] doublet
does not have this complicated structure.

It is often stated (e.g., Weedman 1977) that NGC 1275 should
probably mnever have been classified as a Seyfert since it is a giant
elliptical galaxy and has a number of other anomalous properties (Kent
and Sargent 1979), Spectra presented here and by MF, however, indicate
that in many ways it shares the properties of classical type 1 Seyferts
and may contain clues to the nature of other AGNs. The blue color (MF)
and Balmer absorption lines (Minkowski 1968) in the nuclear region, for
example, are similar to the properties of the underlying galaxy in 3C 48
(Boroson and Oke 1982),

NGC 1358: The spectrum in Figure 1b is the average of two
independent integrations, Gaussians adequately represent the relatively
narrow (FWHM ~ 250 km s—l) emission except near the continuum, where the
observed lines are slightly broader.

NGC 1667: Two separate spectra were combined in Figure 1b to
increase the §S/N ratio, but no significant differences were visible in
the original data, The emission lines are reasonably broad (FWHM ~ 400
km S_l). HII regions define a prominent rotation curve with
Avmax ~ 360 km s—l, but rotational broadening in the nucleus itself
contributes very little to the observed width (FWHM ~ 360 km s—l) of the
emission lines. The profiles have somewhat broader wings than

Gaussians, and an accurate subtraction of [N II], using a combination of



- 190 -

the blue and red sides of [S IIIA6716 and [S II]1A6731 (respectively) as
a template, is necessary to ascertain the presence of weak, extended Ha
emission (FS).

NGC 2146: The faint continwum and the narrow emission lines
(FWHM ~ 120 km s—l) derived from the red and blue spectra indicate that
H II regions dominate the nucleus of this galaxy (Figure 2a).

NGC 2273: Huchra, Wyatt, and Davis (1982) discovered this type 2
Seyfert galaxy during the course of the Center for Astrophysics (CfA)
redshift survey (Huchra et al, 1983). Our spectrum (Figure 2a)
confirms their classification, since [0 III1A5007 is much more intense
than HB while [N II] is comparable to Ha. Moreover, He II L4686
emission is present. The lines are mnarrow (FWHM ~ 200 km s—l) and
predominantly Gaussian, but they exhibit slightly broader wings, Two
spatially—resolved knots, one of which is much brighter than the other,
are visible in the two—dimensional spectrum of the nucleus.

NGC 2639: A broad component of Ho emission is present in
Figure 2a. It was detected by Keel (1983a), and also by Huchra, Wyatt,
and Davis (1982) during the CfA redshift survey. Note, however, that
the [S II] 1lines (and hence the [N II] lines as well) have extended
wings, so the derived strength of the broad Ha is greatly overestimated
if the [N II] + Ha blend is decomposed with Gaussians (FS). The
rotation curve contributes a negligible amount to the observed widths of
lines.

NGC 2681: The quality of the data obtained in this survey is
evident from a careful inspection of two independent spectra of this
object (Figure 2a) taken at different positions along the slit;

virtually no differences are visible. Balmer absorption is prominent



- 191 -

and greatly decreases the apparent strength of the Ha emission linme.

NGC 2685: As in NGC 2681, strong Ha absorption is clearly present
(Figure 23). The equivalent width of [N II]A6548+6583 is only ~ 2.5 A,
making NGC 2685 only a weak emission1line galaxy.

NGC 2768: Resolved emission 1lines are present in the nucleus
(Figure 2b). There is no broad component of Ha.

NGC 2787: The equivalent widths and relative intensities of the
emission lines resemble those in NGC 2768. A faint, broad "bump” is
present (Figure 2b), but the discussion of NGC 2841 (see below) shows
that this reflects the old stellar population typical of the bulge of
early—type spiral galaxies.

NGC 2841: Moderately strong [N II] and Ho emission reside on top
of a faint, broad peak (Figure 2b). At first glance it appears as
though broad Ha emission may be present, but Figure 12 shows a similar
shape for the continunum in the nucleus of NGC 3115, which is devoid of
narrow emission, In fact, the spectra of K2 and MO giants (Figures 124
and 12¢) indicate that the broad Ha "bump” is an artifact of the shallow
depression near A6700 produced by TiO in a population of late K and
early M stars, The spectrum of an A star, obtained and reduced in the
same manner as the other data, is given for comparison (Figure 12f).

In Figure 128 NGC 2841 is dereddened by EB V= 0.03 mag so that the

shape of its continuum agrees with that of NGC 3115, Since differences
in the metallicity and velocity dispersion of the +two galaxies are
minor, subtraction of NGC 3115 from NGC 2841 results in the pure
emissionline spectrum of the latter. The benefits of such a
subtraction are obvious: aside from the increase in narrow Ha emission

and the clear absence of & broad component, [0 IIA6300 appears and
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[S IT]1A6716 becomes free of contamination by the underlying Ca I A6718
absorption line. These changes are important, since (a) the strength of
[0 I]1A6300 is a major diagnostic of physical conditions and supports the
classification of NGC 2841 as a LINER, (b) the intensity =ratio of the
[S IIldoublet is an indicator of the gas demsity, (c)the true equivalent
width of narrow Ha emission may be calculated and compared with lines
such as [N II], and (d) a reliable upper limit can be derived for the
strength of the broad Ha emission which is so crucial in the search for
dwarf Seyfert 1 nuclei, FS will apply this technique to other galaxies
that contain strong contamination by starlight,

NGC 2911: Gaussian fits to the emission 1limes indicate that

[0 I1A6300 (FWHM ~ 570 km s 1

) is somewhat broader than [S II] and
[N II1 (FWHM ~ 430-500 km s-l). and that a very faint, broad component
of He may be present (Figure 2b)., [0 I], [S II], end [N II] emission
are all strong, confirming Heckman’'s (1980) classification as a LINER.
NGC 2985: Deep absorption lines of Ca I and Fe I are visible in
the spectrum (Figure 3g8). Ha absorption is probably also present. The

emission lines are fairly narrow (FWHM ~ 200-250 km s_1

).

NGC 3031: Two independent spectra (Figure 3a) demonstrate the
presence of the strong, broad (FWZI ~ 4900 km s—l) component of Ha
emission discovered by Peimbert and Torres—Peimbert (1981) and confirmed
by Shuder and Osterbrock (1981). As noted by Heckman (1980), the
Gaussian [S II] lines (FWHM ~ 220 km s—l) are in striking contrast with
the profile of [0 I]A6300, which has broad wings similar to those in
NGC 7213 (Paper I), Pictor A (Paper II), and Pks 1718-649 (Paper II).

This is & clear indication of density stratification in the NLR of

NGC 3031, The galaxy exhibits an almost stellar nucleus, as do
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classical Seyferts, and it is also an X-ray source (Elvis and Van
Speybroeck 1982), [0 I]A6364 appears too weak relative to [0 I]A6300
due to underlying Fe I absorption.

NGC 3115: No emission is visible in the spectrum of this object
(Figure 3a), which was selected specifically as an absorption—line
template.,

NGC 3169: Strong [0 I1A6300, as well as [N IX] and [S II1]
emission, verify that this is a LINER. There appears to be no broad Ha
emission., Stellar Ha absorption decreases the apparent strength of the
Ha &emission 1line whose width is probably close to that of

1

[S II]1A6716,6731 (FWHM ~ 320 km s 7). Rotational broadening

(Avmax ~ 170 km s—l) contributes substantially to the observed widths,

NGC 3185: The emission lines, whose relative intensities resemble

those in type 2 Seyfert galaxies, are fairly narrow (FWHM ~ 230 km s_1

).
Inspection of the two—dimensional spectrum, however, indicates that
rotational ©broadening contributes greatly to the line widths; their
intrinsic FWHM is only ~ 100 km s—l. Moreover, the spectrum in
Figure 32 contains emission from strong of f-nuclear H II regions, where
I(CIN I11)/I(Ha) < 1, as well as the nucleus itself, in which
I(IN II1)/1(Ha) > 1.

NGC 3227: This galaxy was studied by Seyfert (1943) and shows very
broad Ha emission (FWZI ~ 20000 km s—l) as well as narrower components
having several different widths (Figures 3b, 10). The two-dimensional
spectrum indicates that rotation broadens the narrowest components
somewhat, [0 IJA6300 (FWHM ~ 440 km s_l) has a more extended base than

a Gaussian, Stellar absorption lines are relatively weak, confirming

MF's claim that the very strong Na I D A5892 doublet is probably
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interstellar.

NGC 3379: Only very weak [N II]JA6583 is visible im this object
(Figure 3b), which was chosen as an absorption—line template.

NGC 3516: The spectrum of this well-known Seyfert 1 galaxy
(Seyfert 1943; Boksenberg and Netzer 1977) exhibits weak forbidden
lines in comparison with Ha, whose equivalent width is over 250 K
(Figures 3b, 10). [Fe X1A6374 is strong relative to [0 I].

NGC 3623: Underlying absorption lines are very strong (Figure 3b),
and Ho emission is significantly diluted. Rotation may contribute to

the line widths (FWHM ~ 330 km s !

). No broad component of Ha is
present,

NGC 3627: Once again, He absorption affects the emission 1line
(Figure 3b), and rotational broadening increases the apparent widths of

lines (FWHM ~ 200 km 8_1

).

NGC 3642: Very mnarrow emission 1lines (FWHM ~ 130 knm s_l) are
superimposed on weak, significantly broader "triangular” components
whose FWZI is ~ 800 km s_l. In addition, there may be a very faint
component of Ha which is even broader, similar to (but much weaker than)
that in the mnarrow-line X-ray galaxy NGC 7314 (Filippenko 1984b).
Rotation broadens the narrow lines by at least 30% in Figure 4a.

NGC 3718: Weak, broad Ha emission is present, but appears too
large in Figure 48 since the continuum has mnot been removed yet,
[0 I1A6300 is strong, broader than the [S II] lines (FWHM ~ 570 km s 1
compared with ~ 400 km s—l), and somewhat non—Gaussian.

NGC 3884: This is the only LINER to have been initially discovered
as an X-ray source (Reichert t al, 1982). Faint, broad wings are

visible in Figure 4a, and are confirmed by a Gaussian decomposition of
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the [N II] + Ha blend (as was done for many other objects), In
Figure 13a, three Gaussians are used to represent the Ha and
[N IX1A6548,6583 lines; oscillations in the residuals indicate that the
lines are not exactly symmetrical Gaussians, but more important is the
fact that excess emission is visible on the extreme blue and red
portions of the blend., Figures 13¢c and 13d illustrate the absence of
this excess emission if & fourth Gaunssian is added for a total of 12
free parameters, The fit is physically reasonable, since the derived
relative intensity of the [N II] 1lines agrees with the theoretical
prediction of 3, and the widths of the mnarrow components of Ha and
[N II1 are all similar. Broad Ha was also suspected by Keel (1983a).

[0 1176300 (FWHM ~ 600 km s 1

1

) is broader than [N II] (FWHM ~ 510
km s ©), The two-dimensional spectrum shows that a major fraction of
the width is probably due to rotatiomal broadening, as the emission is
tilted with respect to the continuum.

NGC 3898: Strong Ha absorption decreases the apparent intensity of
Ha emission (Figure 4a). Rotational broadening contributes to the line
widths,

NGC 3992: The spectrum (Figure 4a) resembles that of NGC 3898, as
the emission lines are weak relative to the continuum and absorption is
prominent.

NGC 3998: Very prominent, broad wings of Ha are visible on either
side of the [N II] + Ha blend (Figures 4a, 11), as was first noticed by
Heckman (1980) and confirmed by Blackman, Wilson, and Ward (1983) and
Keel (1983a). The FWZI is at least 7000 km s 1, Moreover, [0 I]A6300
(FWHM ~ 850 km s_l) is markedly broader than the individual [S II] lines

(FWHM ~ 400 km s_l). and its profile has systematically broader wings
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than a Gaussian of the same FWHM. 1In this way, it resembles NGC 3031,
NGC 1275, and the galaxies discussed in Papers I and II, The [S II]
lines are also slightly non-~Gaussian,

NGC 4036: A Gaussian decomposition of the [N II] + Ha blend
similar to that performed on NGC 3884 indicates that a very weak
component of broad Ha emission may be present, since the fit in not good
with only three Gaussians., On the other hand, [0 I] and [S II] are not
exactly Gaussian (Figure 4b), so a more detailed removal of [N II] from
the blend is required (FS). [0 I1A6300 (FWHM ~ 500 km s 1) is broader

than the [S II] lines (FWEM ~ 360 km s 1

).

NGC 4051: Figures 4b and 11 illustrate the spectrum of this type 1
Seyfert galaxy (Seyfert 1943; VWeedman 1977). The Balmer lines are not
very broad compared with those in most Seyfert 1 galaxies, and in fact
are comparable to the line widths in NGC 1068 (Figure 1a). Their width
is nevertheless more than twice that of the forbidden lines, justifying
this object’s classification,. The FWZI is ~ 5900 km s—l, not much
greater than that observed in many of the surveyed galaxies. X-ray
variability on short time scales is known to occur.

NGC 4111: Deep Ha absorption is present (Figure 4b). The FWHM of
emission lines is ~ 270 km s—l.

NGC 4125: As in NGC 4111, deep Ha absorption dilutes the emission
line and makes it appear very mnarrow. No broad Balmer emission is
visible,

NGC 4151: Figures 5a and 11 illustrate the broad, asymmetrical Ha
emission in this classical type 1 Seyfert galaxy (Seyfert 1943). 1In

addition to the wusual forbidden emission, 1lines of [S III]A6312,

[Fe X]1A6374, and He I A6678 are present. The Ha profile has extremely
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extended wings, a blueshifted component of intermediate width, and a
relatively mnarrow part which merges smoothly with the narrow core
corresponding to the [S II] and [N II] lines.

NGC 4192: The emission lines are strong relative to the continumm
(Figure 5a) and have FWHM ~ 310 km s1 (except Ha, which is narrower),

By this time you are probably very tired and wish this thesis would
end, but cheer up — having progressed this far, you deserve a reward.
To win a beer (or perhaps a glass of milk, Wal?) write ”NGC 4192” on a
sheet of paper and give it to me at the beginning of the exam.

NGC 4235: This Seyfert galaxy, which might be located in the Virgo
cluster, was discovered by Abell, Eastmond, and Jenner (1978). The
broad Ha line is very strong and has FWZI ~ 15000 km s—l. A "dip”
similar to the ome in NGC 7213 (Paper I) is visible redward of
[N IT12658. [0 I1A6300 (FWHM ~ 500 km s—l) has broader wings than a
Gaussian with the same FWHM, and is broader than the [S II] lines

(FWEM ~ 420 km s

). The forbidden lines are asymmetrical in that a
significant red shoulder is visible (see [N II]A6583 in Figure 5a).
Figure 11 shows the spectrum in greater detail.

NGC 4258: Beautiful emission lines all along the slit of the
two~dimensional spectrum exhibit a very complex velocity field in the
disk, Complicated structure is also known to be present in an H I map
of the object. A weak, broad component of Ha is present (Figure 5b),
and was suspected by Stauffer (1982a). [0 I1A6300, whose profile is
similar to that im NGC 3031, NGC 3998, and several other objects, is
strong and broader than the Gaussian [S II] lines.

NGC 4274: Emission in the nucleus is produced by H II regions, and

the lines are very narrow.
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NGC 4278: A weak, broad component of Ha is present in this radio
galaxy, whose very strong [0 I], [S XII], and [N II] make it a classical
LINER (Figure 5b). All of the forbidden lines have approximately the
same width, which is dominated by rotational broadening (evident in the
two—dimensional spectrum),

NGC 4303: H II regions are prominent in the nucleus and all along
the slit, Rotational broadening contributes significantly to the line
widths, which are mnevertheless small (FWHM ~ 100 km s 1), A
substantially broader, "triangular” basé in each 1lime is evident
(Figure 5b), and it is possible that we &are seeing a faint type 2
Seyfert nucleus since I([N II])/I(Ha) > 1 and FWZI ~ 800 K.

NGC 4388: The two-dimensional spectrum shows complicated structure
in the emission lines all along the slit., High-excitation emission
(including [Ar V] and [Fe X]) is visible in the nucleus itself (Figures
5b, 11, and ;:), making this a type 2 Seyfert galaxy (Phillips and Malin
1982). Figure ;g betrays the presence of a very faint, broad
(FWZI ~ 7600 km s—l) component of Ho whose equivalent width is only
~ 8 K. This is much weaker than the component which Stauffer (1982a)
claimed to see. In fact, the use of Gaussians in Stauffer's
decomposition of the [N II] + Ha blend was clearly unjustified, since
the forbidden lines have strong red asymmetries which can mimic broad Ha
emission. (These asymmetries may not have been obvious in Stauffer’s
(1982a) 1low-resolution spectrum, but they were responsible for the
derived relative redshift Ay ~ 300 km s_1 of the broad component.)
Instead, one must use the observed profile of the [S II] lines to remove

the contribution of [N II]. Since NGC 4388 is an X-ray source, our

detection of a very faint, broad Ha line supports the belief of Veron et
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al., (1980) that all narrow—line X-ray galaxies are actually faint
type 1 Seyferts.

NGC 4438: This LINER is interacting strongly with NGC 4435, The
emission lines have FWHM ~ 400 km s—1 (part of which is due to rotation)
and are slightly asymmetrical (blue wings). There is probably no broad
component of Ha.

NGC 4450: Each of the emission lines has a broader base than given
by a Gaussian with the same FWHM., A faint, even broader component of Ha
is probably present, as suspected by Stauffer (1982a).

NGC 4486: The emission lines are broad (FWHM ~ 1000 km s_1

)
compared with those in most emission—line galaxies and have intensity
ratios suggestive of shock-heated gas (Ford and Butcher 1979).
Two-dimensional spectra taken across the mnucleus at five different
position angles exhibit very complicated structure among the emission in
the nuclear regions, although the jet is featureless, The velocity
field will be examined in detail by Filippenko and Sargent (1984b). In
the nucleuns itself, Figure 6a shows very faint extensions on either side
of the [N II] + Ha blend, This is probably due to broad Ha, since
similar wings are mnot exhibited by the [S II] lines, The FWZI of the
broad Ha is ~ 6800 km s—l, and 2 very rough estimate of its equivalent
width is ~ 4-5 X. The relative strengths of the emission lines can be
explained by photoionization models with a low ionization parameter, as
in those of Halpern and Steiner (1983) and Ferland and Netzer (1983).
Thus, this galaxy may in some ways be a Seyfert (albeit a peculiar omne).

NGC 4501: Strong forbidden 1lines with FWHM ~ 200 km s_1 are
visible in Figure 6b. As in a number of other galaxies, Ha appears

somewhat narrower (FWHM ~ 140 km s—l), possibly due to the presence of



- 200 -

underlying absorption. The lines have broader wings than Gaussians of
the same FWHM,

NGC 4569: The emission lines are strong (Figure 6b) and narrow
enough mnot to be blended (FWHM ~ 320 km s_l), al though there is slight
artificial broadening due to the rotation of the galaxy. No ©broad
component of Ha is evident.

NGC 4579: Ha emission exhibits broad wings (FWZI ~ 5700 knm sm1

),
as noticed by Stauffer (1982a) and Keel (1983a). The profile of
[0 I]A6300 is non-Gaussian (Figure 6b) and resembles those in NGC 3031,
NGC 3998, and many other galaxies. The [S II] lines also have somewhat
extended wings, although not as much so as [0 I]A6300. By analogy with
the objects in Papers I and II, the presence of some clouds with very

7 cm_a) can probably account for the anomalously

high densities (~ 106~10
large strength of [0 III]A4363 measured by Stauffer (1982a) and Keel
(19832a).

NGC 4594: Very prominent, broad Ha is present (Figure 6b), with

FWZI ~ 5400 km s_l. The faint [0 I]A6300 emission (FWHM ~ 800-900

km s 1) is broader than [S II] (FWEM ~ 500 km s 1

). Stellar absorption
is prominent,

NGC 4736: The spectrum exhibits deep Ha absorption which is
partially filled in by a weak emission 1line (Figure 7a). Other
absorption lines are strong as well, while [N II] emission is weak
(equivalent width ~ 2.3 X). Keel and Weedman (1980) pointed out that
the galaxy has exceptionally bright inner spiral structure and therefore
morphologically resembles NGC 1068. They comnsider it to be the best

candidate for an "ex—Seyfert.”

NGC 4826: Strong emission resides in a continuum Ilittered with



- 201 -

fairly narrow absorption 1lines (Figure 7b). No broad component of Ha
emission is present,

NGC 5005: The forbidden lines are broader than normal (FWHM ) 800
km s—l) and form a striking contrast with those in NGC 4826 (Figure 7a).
Inspection of the two—dimensional spectrum, however, indicates an
1

extremely steep rotation curve of large amplitude (Avmax ~ 400 km s

)
which produces a significant fraction of the observed line widths. Over
only 1"-1,5" the difference in velocity between the ends of the tilted
emission lines is ~ 350 km s_l. This is similar to, but more extreme
than, the situvation in NGC 3884 and NGC 1052, and shows that rotational
broadening can be an important factor in the measured widths of lines,

NGC 5033: This is an X-ray source which Halpern and Steiner (1983)
classify as & "transition” object between LINERs and Seyferts., As
noticed by Shuder (1980) and confirmed by Stauffer (1982a), however,
broad Ha emission (whose FWZI ~ 8000 km s—l) is present, The two
spectra in Figure 7a show a remarkable change in the appearance of the
broad component, and indicate that the broad—lime region can be at most
~ 0.5 pc in extent, Combining this upper limit with a representative
velocity of ~ 3000 km s © (obtained from the FWZI), & mass of  10° Mg
is estimated for the central object. The very faint wings extending out
to the [0 I] and [S II] linmes in the 1982 spectrum may be artifacts of
inaccurate flux—calibration (§II). Narrow lines in the 1984 spectrum
(PA = 165 deg) are slightly affected by rotational broadening.

NGC 5035: Very weak emission lines are visible among a rich
absorption-line spectrum (Figure 7b). The 1line widths are broadened
significantly by the galaxy'’s rotation,

NGC 5077: A weak, broad (FWZI ~ 4200 km s—l) component of Ha is
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present, and the narrow lines have FWHM ~ 450-500 km s_l. Deep Ca + Fe
A6495 absorption is visible in Figure 7b.

NGC 5194: Figure 7b displays strong emission 1lines that have
broader wings than expected for single Gaussians with the same FWHM of
~ 220 km s_l. Cecil and Rose (1984) show that the velocity field near
the nucleus is complicated, There is no broad Ha component.

NGC 5195: Extremely deep Balmer absorption is produced by a young
stellar population in this amorphous companion to NGC 5194. Ha emission
partially fills in the underlying absorption line. A cosmic ray hit the
CCD between the [S IXI] 1lines (Figure 7b). [Rotational broadening
contributes to the width of emission lines.

NGC 5273: Stauffer (1982a) first noticed the prominent broad Ha
emission in this galaxy, and remarked that it is probably variable., Our
high-resolution spectra (Figures 8a and 11) show comnsiderably greater
de tail, and allow a more unambiguous separation of the broad
(FWZI ~ 12000 km s—l) and narrow components, The broad Ha 1line is
slightly stronger (relative to the forbidden lines) in the 1984 spectrum
than in the 1982 spectrum, although the change is much smaller than in
NGC 5033, Since the same slit width was used in both cases (unlike
NGC 5033), the equivalent widths of the emission may be directly
compared: in 1982, the equivalent width of the entire Ha + [N II] blend
was 100 A, while in 1984 it was 128 A.

1

NGC 5371: The emission lines are fairly broad (FWHM ~ 500 km s ),

but a substantial fraction of this (very roughly 200 km s—l) is due to
rotational broadening. No broad component of Ha appears to be present.

NGC 5548: This classical Seyfert (Weedman 1977) has a very broad

1

(FWVZI ~ 21000 km s ), bell-shaped Ha emission line whose equivalent
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width is ~ 550-600 e (Figures 8a and 11). [Fe X]A6374 is present, along
with the usual forbidden lines,

NGC 6482: Emission lines are very weak in this object (Figure 8a);
the equivalent width of [N II]A6583 is oanly ~ 0.2 K.

NGC 6500: Broad (FWHM ~ 550-600 km s_l), strong emission lines are
present, As in NGC 1052, 3884, and 5005, much of the apparent width is
due to rotational broadening. [0 1126300 is remarkably strong
(Figure 8b), like in the prototypical LINER NGC 1052).

NGC 6501: Extremely faint [N II]A658 is the only emission 1line
present in the spectrum (Figure 8b).

NGC 6503: The nucleus and disk are dominated by mnarrow emission
from H II regions (Figure 8b).

NGC 6702: As in NGC 6501, extremely faint [N IIlA658 is the only
visible emission line in this galaxy, vwhich was chosen as an
absorption-line template (Figure 8b).

NGC 6951: The intensity ratios and profiles of the emission 1lines
(Figure 8b) resemble those in NGC 5194, Away from the nucleus, the
strength of [N II]1A6583 relative to Ha rapidly decreases, and is much
smaller than Ha in several prominent H II regionms.

NGC 7080: Strong, narrow (FWHM ~ 80-90 km s ) emission lines from
H II regions dominate the spectrum (Figure 9a).

NG6C 7217: The stromg [N II] 1lines (FWEM ~ 270 1Im s 1) are
noticeably broader than Ha (FWHM ~ 180 km s—l), possibly because of
dilution by Ha absorption. No broad component of Ha is visible in the
two spectra (Figure 9a), which were taken with the slit oriented along
different position angles.

NGC 7331: Very strong absorption lines dominate the spectrum, but
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weak emission is present as well., As in other spectra obtained in July
1982 (Figure 9), the shape of the continuum may be slightly erroneous
since an accurately—calibrated flux standard was not wused in the
reductions (§II).

NGC 7479: Visual inspection of two—dimensional spectra taken at
different position angles show a very complicated velocity field in the
nuclens of this barred spiral galaxy. This 1is reflected in the
double—~peaked appearance of Ha in the two spectra shown in Figure 9b.
The [N IXI] lines, on the other hand, do nof exhibit two distinct peaks
since the emission—line intensity ratios are not constant throughout the
nuclear region,

NGC 7742: Strong, relatively narrow absorption contaminates the
emission lines (Figure 9b). The profile of [N II1A6563 is significantly
non—Gaussian,

NGC 7743: Prominent emission lines (FWHM ~ 340 km s 1) are
visible, but =no broad Hao appears to be present. Once again, Ha is

narrower (FWHM ~ 280 km s—l) than the forbidden lines.
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TABLE 1

Journal of Observations

NGC UT Date Exp (s) PA  Aper (") Fig EW(H+N) (&) Ref
404 1982 Jul 18 1800 100 1x4.1 1a 13.4
1052 1984 Feb 14 1800 30 2x4.1 1a 48.4
1068 1984 Feb 14 300 40 2x4.1  1a,10 488 W
1167 1984 Feb 15 1200 10 2x4.1  1a(8) 33.7
1169 1984 Feb 15 1200 90 2x6.4  1a(S) 5.3
1275 1984 Feb 15 1200 90 2x4.1  1b,10 428 W
1358 1984 Feb 14 900 30 2x4.1 1b e
1984 Feb 15 1000 22 2x4.1 1b 17.9
1667 1984 Feb 14 1150 18 2x4.1 1b ...
| 1984 Feb 15 1200 10 2x4.1 1b 44.5
2146 1984 Feb 15 1200 160 2x4.1 2a 88.5
2273 1984 Feb 15 1200 0 2x4.1 2a 80.5
2639 1984 Feb 12 900 75 2x4.1 2a ...
1984 Feb 13 1200 136 2x4.1 2a 43 .4
2681 1984 Feb 12 600 85 2x4.1 2a ... H
1984 Feb 12 900 85 2x4.1 22 7.0 H
2685 1984 Feb 15 900 30 2x4.1 2b 3.5 H
2768 1984 Feb 13 1200 40 2x4.1 2b 2.7 H
2787 1984 Feb 15 900 20 2x6.4 2b 4.7 H
2841 1984 Feb 12 1200 60 2x4.1  2b,12 6.2 H
2011 1984 Feb 15 1500 155 2x6.4 2b34(S) 15.9 H
2085 1984 Feb 12 1200 35 2x4.1 3a 5.1 H
3031 1984 Feb 12 600 65 2x4.1 3a 33.6 n
1984 Feb 12 1500 65 2x4.1 3a ... u
3115 1984 Feb 15 1000 180 2x4.1 32,12 0.0
3169 1984 Feb 15 1200 180 2x4.1 3a 6.3
3185 1984 Feb 15 800 135 2x4.1 3a 33.8
3227 1984 Feb 13 800 160 2x4.1 3b,10 298 W
3379 1984 Feb 15 800 180 2x4.1 3b 0.7
3516 1984 Feb 15 500 125 2x4.1  3b,10 280 W
3623 1984 Feb 15 900 135 2x6.4  3b(S) 3.5
3627 1984 Feb 15 900 135 2x4.1 3b 9.5
3642 1984 Feb 12 1500 60 2x4.1 4a 20.3 H
3718 1984 Feb 12 1200 60 2x4.1  4a(S) 11.5 H
3884 1984 Feb 15 1500 180 2x4.1  4a(S),)3  28.6
3898 1984 Feb 13 590 80 2x6.4 4a 3.1 H
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TABLE 1, continued

3992
3998
4036
4051

4111

4125
4151
4192
4235
4258
4274

4278
4303
4388
4438
4450
4486

4486

4501

4569
4579
4594
4736
4826
5005

5033

5055
50717
5194
5195

1984
1984
1984
1984
1984
1984

1984
1984
1984
1984
1984
1984

1984
1984
1984
1984
1984
1984

1984
1984
1984
1984
1984
1984

1984
1984
1984
1984
1984
1984

1982
1984
1984
1984
1984
1984

Feb
Feb
Feb
Feb
Feb
Feb

Feb
Feb
Feb
Feb
Feb
Feb

Feb
Feb
Feb
Feb
Feb
Feb

Feb
Feb
Feb
Feb
Feb
Feb

Feb
Feb
Fed
Feb
Febd
Feb

Jul
Feb
Feb
Feb
Feb
Feb

15
12
12
14
15
12

15
14
12
12
12
15

15
15

12

12

EEERG

13
12
15
15
15
12

16
15
15
15
15
15

600
1000
1200

820

400
1000

600
600
1200
1500
900
900

900
1000
1200
1200
1200

800

1800
2000
2000
2000
2000
1200

1200
1000
600
400
500
1200

2000
900
400

1000
800
600

125
60
48
90

100
70

125

90
150
180
150
180

180
180
9
25
124
180

138
110
45
80
0
35

20
150
180
100
180

70

77
165
90
180
120
120

2x6 .4
2x4.1
2x4.1
2x4.1
2x4.1
2x4.1

2x4.1
2x4.1
2x4.1
2x4.1
2x4.1
2x4.1

2x4.1
2x4.1
2x4.1
2x4.1
2x4.1
2x4.1

1x4.1
1x4.1
1x4.1
1x4.1
1x4.1
2x4.1

2x4.1
2x4.1
2x4.1
2x4.1
2x4.1
2x4.1

1x4.1
2x4.1
2x4.1
2x6.4
2x4.1
2x4.1

4a(S) 3.3
48,10 46 .5
4b 16.2
4b,10 172
4b 5.1
4b (8) 4,2
5a,11 799
5a 12.9
5a,l} 115
5a 12.2
5b 14.2
5b 22.3
5b 21.0
5b,11,14 405
6a 37.7
6a 10.8
6a 61.9
6a ses
6b 12.9
6b 18.9
6b 35.1
6b 14.6
Ta 2.8
Ta 8.4
Ta 41.9
Ta 57.5
T7a,11 38.0
T 1.3
Tb (S) 9.4
Tb 42 .4
T 3.8

o=

= i

=~}

==

=N -1~ --]
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TABLE 1, continued

5273 1982 Jul 19 1500 80 2x4.1 8a 100
1984 Feb 13 2000 90 2x4.1 8a,11 128
5371 1984 Feb 12 1200 35 2x4.1 8a 9.5 H
5548 1984 Feb 15 500 180 2x4.1 8a,11 626 W
6482 1982 Jul 19 600 51 2x4,1 8a(S) 1.1
6500 1982 Jul 17 1500 61 2x4.1 8b 51.2
6501 1982 Jul 19 1200 55 2x4.1 8b 0.2
6503 1982 Jul 17 2400 122 2x4.1 8b 15.2
6702 1982 Jul 16 1500 112 2x4.1 8b 0.3
6951 1982 Jul 16 2000 90 2x4.1 8b 25.7
1982 Jul 18 2100 180 2x4.1 .o oo
7080 1982 Jul 17 2100 96 2x4.1 9a 27.2
7217 1982 Jul 16 2000 90 2x4.1 9a 13.6
1982 Jwul 19 800 180 1x4.1 9a vee
7331 1982 Jul 18 1500 170 1x4.1 9a 1.1
7479 1982 Jul 16 1800 186 2x4.1 9b(S) 28.4
1982 Jul 18 1500 100 2x4.1 9b(S) v
1982 Jul 19 1000 51 2x4.1 .o ces
7742 1982 Jul 17 1850 160 2x4.1 9b 4.0
7743 1982 Jul 16 1500 90 2x4.1 9b 21.5

Notes to Table 1

Column 1 NGC identification number,
Column 2 UT date of observation,
Column 3: Integration time, seconds,
Column 4: Position angle of slit (long dimension of aperture), degrees.
Column §: Figure number containieg plot of spectrum. (S) means spectrum
was smoothed with 1.5 A (FWHM) Gaussian before plotting.
3 Equivalent width of Ha plus [N II]A6548+6583, Angstroms.
At best only partially corrected for Ha absorption,
Column §: References: H = Heckman (1980); W = Weedman (1977).

Column 5: Effective size of rectangular aperture (arc seconds).

Column
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FIGURE CAPTIONS

Figure 1: Spectra of 8 galaxies (AA6200-6880, rest frame) are shown
with different ordinate offsets. As indicated by straight 1line
segments, data are absent at the extreme blue and red ends in most
objects. Unless otherwise mnoted (Table 1), an effective aperture of
2" x 4.1" was used and the displayed spectrum was mnot smoothed. The
instrumental resolution (~ 2.5 K) is indicated by the Ne + Ar comparison
arc (2" x 4.,1" aperture). Note that the [N II] + Ha blend in NGC 1052
exhibits very faint, broad wings attributed to Ha. They may also be
present in NGC 1167 and 1667. The profiles of [0 I] and [S II] are very
different 1in NGC 1275, which also shows extremely broad Ho emission
(Fig. 10).

Figure 2: Same as Fig, 1, for 9 additional galaxies, Two spectra of
NGC 2681 were obtained in separate exposures at different locations of
the CCD, and indicate that most of the observed features are real,
Broad wings of Ho emission are visible in NGC 2639, and possibly im
NGC 2911. VFig. 12 demonstrates that the very broad, faint "bump” around
Ha in NGC 2841, 2787, and many of the other surveyed objects is due to
the underlying stellar continuum, Ha absorption is prominent in several
galaxies,

Figure 3: Same as Fig, 1, for 10 additional galaxies. The two spectra
of NGC 3031 are independent of each other, but appear virtually
identical, Note the great width (especially the FWZI) of [0 I]A6300 in
comparison with [S IIJA6716,6731, as well as the broad wings of Ha.
NGC 3227 and 3516 are well-known type 1 Seyfert galaxies (Fig., 10).

[0 I1A6364 often appears weaker than one—third of [0 I1A6300 due to
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strong underlying Fe I absorption.

Figure 4: Same as Fig, 1, for 10 additional galaxies, NGC 3718, 3884
(Fig. 13), and 3998 (Fig. 10) exhibit broad Ha emission; a similar
component may be present in NGC 3642 and 4036 as well, NGC 4051 is a
known Seyfert 1 galaxy (Fig, 10). [0 I]1A6300 is noticeably broader than
[N II] and [S II] in NGC 3998.

Figure 5: Same as Fig. 1, for 8 additional galaxies, Broad Ha emission
is perceptible in NGC 4258, 4278, and 4388 (Fig. 14). It is very
prominent and asymmetrical in the Seyfert galaxies NGC 4151 and 4235
(see also Fig., 11). [0 1106300 is broader than the [S II] and [N II]
lines in NGC 4235, 4258, and many of the other objects (Figs. 1-9).
Figure 6: Same as Fig. 1, for 7 additional galaxies. Note the weak,
extended Ha emission in NGC 4486, 4579, 4594, and possibly 4450, The
stellar continuum is very strong in most of the observed galaxies, as
indicated by the particularly deep Ca + Fe blend at ~ A6495 in NGC 4450
and 4594.

Figure 7: Same as Fig, 1, for 8 additional galaxies. Exceptionally
strong Ha absorption is visible in NGC 4736 and 5195. A broad component
of Ha emission is present in NGC 5033 and 5077. The line profile in the
former clearly shows evidence of variability. A cosmic ray was detected
by the CCD between the two [S II] lines in NGC 5195,

Figure 8: Same as Fig, 1, for 10 additional galaxies. The ©broad Ha
component in NGC 5273 was slightly larger (relative to the continuum and
the forbidden lines) in February 1984 than in July 1982, NGC 5548 is a
well-known type 1 Seyfert galaxy (Fig. 11). NGC 6503 is one of the few
galaxies in the survey whose emission lines are essentially unresolved

and betray the dominance of H II regions in the nucleus.
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Figure 9: Same as Fig., 1, for 6 additional galaxies. The two spectra
of NGC 7479 differ a little since the slit was not oriented at the same
position angles (Table 1) and sampled slightly different regions of the
dynamically complex nucleus. Strong stellar absorption is visible in
NGC 7331 and 7742, greatly affecting the observed stremgth and profile
of the Ha emission line,
Figure 10: Spectra are shown of four classical Seyfert galaxies as well
as NGC 3998 and NGC 1275 (a peculiar Seyfert). All are shifted to zero
redshift. The ordinate represents the logarithm of the flux per unit
frequency interval, offset by an additive constant so that AB = 0,0 at
the peak of the strongest emission line (usually Ha). Very high flux
levels are not plotted in order to emphasize the continuum and weak
emission lines, Note the very broad component of Ha in NGC 1275, which
indicates a resemblance to type 1 Seyferts, A similar, but much weaker,
line is evident in the elliptical radio galaxy NGC 3998.
Figure 11: Same as Fig., 10, but for six other Seyfert galaxies, Note
the large differences in the profile of Ha among the objects. NGC 5548
and 4388 (see also Fig. 14) represent opposite extremes in the relative
strength of the broad Ha emission.
Figure 12: The spectrum of NGC 2841 is shown in (a). It appears as
though a faint, very broad component of Ha emission may be present., In
(b), however, NGC 3115 exhibits the same broad feature near Ha, but is
devoid of other emission lines, NGC 3115 is subtracted from NGC 2841 in
(¢); mnote that [0 IIA6300 emission is mnow visible, and that the
intensity ratio of the [S II] lines differs from that in (a) due to the
removal of underlying Ca I A6718 absorption. Spectra (d) and (e) are of

69 ¥ Gem (MO III) and 46 tv Gem (K2 III), respectively, showing that the
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broad dip near A6700 which gives rise to the apparent "bump” near Ha in
NGC 2841 and 3115 is produced by TiO in late—K and early—M stars, The
smooth continuum in the A3 V star 83 ¢ Gem (f) illustrates the excellent
relative flux—calibration achieved in the data,

Figure 13: The Ha + [N II] blend in the X-ray LINER NGC 3884 is
decomposed into three independent Gaussians in (a), with the residuals
shown in (b). A reasonably good fit is achieved, but broad wings appear
to be present in the data, Introdecing a fourth, broad Gaussian
(presmably Ha emission) in (¢) produces substantially better agreement.
The oscillatory residuals (d) indicate that the narrow components are
actually not exactly symmetrical,

Figure 14: Ha + [N II] emission is shown at two different scales (X1
and X50) for NGC 4388, an X-ray galaxy in the Virgo cluster. The
forbidden lines exhibit extended wings., In contrast with most type 2
Seyferts, however, the wings are more prominent redward than blueward of
the line peaks. This is especially obvious in the [S II] doublet
(Fig. 5b). An extremely weak, fairly symmetrical, broad component of Ha

is visible in the expanded (X50) plot.
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CHAPTER 6

Optical Spectrophotometry of the

Narrow-Line X-Ray Galaxy NGC 7314,

Alexei V, Filippenko

To be submitted for publication, The Astronomical Journal
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In all things of nature

there is something of the marvelous,

Aristotle
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ABSTRACT

Optical spectrophotometry of NGC 7314 confirms a previous
identification with the X-ray source H2233-261 (2A2237-256) and reveals
features which shed light on the remarkable physical conditions near its
nucleus,

The relative intensities of gmission lines are typical of those
seen in type 2 Seyferts, but their widths (FWHM ~ 120-150 km s_l) are
smaller than in all other known AGNs, Hence, production of nonstellar
ionizing radiation in a galactic nucleus is not necessarily associated
with large turbulent or systematic motions among the narrow—line clouds,

A broad (FWZI ~ 5000 km s—l) component is present in the Ha line,
and its profile is nearly logarithmic, An even closer approximation is
provided by the first exponential integral, which suggests that gas
flows radially away from the nucleus in a force—free enviromment,

The equivalent width (~ 150-200 X) of the broad Ha emission implies
that the covering fraction of broad-line clouds may be large (~ 0.9),
and the very weak corresponding component of HP (I(Ha)/I(HB) ~ 50)
demonstrates that these 1lines are severely reddened., However, the
power—law slope of the nonstellar UV radiation incident on the
narrow-line gas is quite flat (iv « 7—1'1), as indicated by the great
relative strength of He II A4686. If this radiation suffers as much
readening as the broad 1ines, then its initial spectral energy
distribution must be considerably flatter than that of luminous quasars,
a highly unlikely situation, Therefore, most of the dust is probably
located within or mnear the broad-line clouds rather than in the

low—density confining medium, and it does not affect radiation which
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passes through holes between the clouds.

Subject headings: galaxies: individual (NGC 7314)—galaxies: nuclei
—galaxies: Seyfert——1line profiles—spectrophotometry—

X—-rays: sources
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I, INTRODUCTION

NGC 7314 is a relatively new member of the rapidly—growing list of
interesting emission—line galaxies, Although it is ©bright, nearby
(v = 1426 km s-l), and an X-ray source, it received 1little attention
prior to the extensive search for X-ray variability conducted with the
Ariel V Sky Survey Instrument (Marshall, Warwick, and Pounds 1981),
This 1is probably due to its southern declination, and to the fact that
the Ariel V coordinates (2237-256) differ substantially from its optical
position of 2233-263 (epoch 1950.0).

Marshall, Warwick, and Pounds (1981) reported that the X-ray
luminosity of 2A2237-256 in the 2-10 keV band was probably constant at a
value of 3.3 x 1042 erg s”1 (Ho = 50 km s_-1 Mpc_l) during the 5-—year
period of the Ariel V survey (1974-1979). This luminosity is smaller
than that of most type 1 Seyferts and mnarrow-line X-ray galaxies
(Halpern 1982; Mushotzky 1982), but larger than in classical type 2
Seyferts (Kriss 1982),

Piccinotti et al, (1982) observed NGC 7314 (H2233-261) as part of
the HEAO 1 A-2 experiment. During the first scan, the luminosity in the
2-10 keV range was 4 x 1042 erg s_l, whereas 6 months later the value
was found to be 5.72 x 1042 erg s_l. This represents only & marginally
significant increase, so X-ray variability of the source has mnot been
demonstrated conclusively.

The identification of H2233-261 with NGC 7314 is mnot completely
certain, but the X-ray luminosity is above the lower bound chosen by
Piccinotti et al, (1982) in their luminosity function of active

galaxies, Moreover, NGC 7314 (type Sc) was included in a large
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spectroscopic survey of bright spiral galaxies conducted by Stauffer
(1982b) and he concluded that the gas is photoionized by a nonthermal
source (Stauffer 1982a)., Also, Stauffer (1982a) mentioned the probable
presence of a broad component of Ha having full width at hal f-maximum
(FWEM) ~ 1400 km s 1,

Because of these interesting properties, new optical spectra having
moderate resolution (~ 2.5 X) were obtained as part of an extensive

investigation of the physical conditions in emission—line galaxies, The

observations and results will be presented in the following sections,
II. THE OPTICAL SPECTRUM

8a) Observations

Spectra of NGC 7314 were obtained with the Intensified Reticon
Detector (Shectman 1982) at the Cassegrain focus of the 2.5 m du Pont
telescope at Las Campanas Observatory (Table 1). Second—order 1light
contaminated the red portions of the low—resolution (~ § K) spectrum,
but all other data were unaffected. Various comparison arcs were also
measured to determine the wavelength scale, and small spatial
irregularities in the sensitivity of the Reticon were removed with the
aid of a lengthy exposure to a featureless continuum,

The standard stars GD-248 and G158-100 (Filippenko and Greenstein
1984) were observed to calibrate the spectral response of the system.

GD-248 ( = 15,08) is a DQ white dwarf with only two or three extremely

mn
X

weak absorption lines at optical wavelengths (making the spectral class

almost DC), whereas G158-100 ¢ = 14.87) is a very metal-deficient G

m
A

subdwarf. Relatively accurate energy distributions were determined with

the Multichannel Spectrophotometer (Oke 1969) on the Hale telescope at
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Palomar from comparisons with secondary standards (Oke and Gunn 1983).
The nearly featureless continua of GD-248 and G158-100 provide greater
reliability in flux calibration than the DA and DB stars listed by Oke
(1974) and Stone (1974, 1977), and their faintness obviates the
necessity of wusing a neutral-density filter when observing with
photon—counting devices on large telescopes.

The nucleus of NGC 7314 and the sky 27.4" away were observed for
equal times in each of two rectangular apertures (2" x 4"), so accurate
subtraction of atmospheric emission lines was possible. Several lines
from H II regions located in the outer sections of the object were
detected in the sky spectra, and these were easily eliminated before
proceeding with the sky subtraction, Weak continuum radiation from the
galaxy proved to be a somewhat greater nuisance in the sky spectra, but
it did not affect the measured intensities of emission lines, Relative
light losses were minimized by observing the galaxy at small air masses.
In addition, the 1long dimension of the entrance aperture was aligned
along the direction of atmospheric refraction (Filippenko 1982) when
observing the standards, Same of the data were obtained under
photometric conditions, and excellent flux continuity in regions of
overlap was produced by applying gray multiplicative factors to spectra

taken through thin cirrus clouds.

b) Qualitative Overview

Figures 1a and 1b illustrate the entire optical spectrum rebinned

] -
to a resolution of 4 A bin 1. It was obtained by adding together
overlapping spectra taken on different nights, The weight assigned to

each bin in regions of overlap was proportional to the number of
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detected photons in the raw data. Both axes are plotted on a linear
scale, and wavelengths refer to the rest frame of the object, The flux
per unit frequency interval has not been corrected for reddening,

Despite the modest spectral resolution, it is immediately apparent
that the emission lines are extremely narrow, especially in comparison
with those in classical Seyferts (Weedman 1977). At first glance, the
spectrum resembles those of "isolated extragalactic H II regions”
(Sargent and Searle 1970), especially since [0 III]A5007 is so much more
intense than HB. The gas in these oﬁjects is clearly ionized by
radiation from hot young stars, however, and their very 1low metal
abundances give rise to very weak [N II]JA6583 relative to Ha, unlike the
case in NGC 7314. 1In fact, Searle (1971) demonstrated that H II regionmns
never exhibit the combination of I([0 III1A4959+5007)/I(HB) and
I(IN II1A6548+6583) /I(Ha) which characterizes NGC 7314, The ratios are
consistent with photoionization models, on the other hand (Halpern and
Steiner 1983).

Numerous faint emission lines are visible in Figure 1b, which is
plotted on an expanded intensity scale. Among these are [Ne V]IA3426,
[Fe VIIIA5721, [Fe VII]1A6087, and He II A4686. Since the iomnization
potential of mneutral helium is only 54.4 eV, He II A4686 is sometimes
visible in galaxies photoionized by hot stars (e.g., Kunth and Sargent
1983), but it is mnever so intense relative to HB, The most direct
evidence for photoionization by a nonstellar continuum, however, comes
from the strong [Ne V] and [Fe VII] lines, as these cannot be produced
by O stars. The central stars in planetary nebulae emit radiation which
can give rise to lines of very high excitation, but the number of such

stars needed in order to produce the emission inm NGC 7314 is large.
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Furthermore, [0 I]1A6300,6364 is weak in planetary mnebulae which exhibit
lines from highly—ionized species, since the exponential cutoff of the
UV radiation does not provide enough X-rays to produce an extended zone
of partially—ionized (~ 10%) hydrogen in which the [0 I] 1lines are
formed,

Another significant feature in the optical spectrum is the broad
component of Hoe emission, Very broad permitted lines are the
distinguishing characteristics of Seyfert 1 galaxies and quasars,
elthough NGC 7314's broad Ha is weaker and narrower than that in most
active nuclei. Furthermore, the continuumm of NGC 7314 is very blue,

indicating the presence of a prominent nonstellar component.

III. MEASUREMENTS OF EMISSION LINES

a) The Narrow Lines

To obtain a quantitative understanding of the physical conditions
in NGC 7314, the intensity and width of each emission line was measured.
Since the continuum is dominated by a featureless component, stellar
absorption lines did not significantly affect the results in most cases.
Moderate spectral resolution and the narrowness of the emission 1lines
also diminished the difficulty of making accurate measurements. The
important Hy and [0 IXI]A4363 lines, for example, were easily separated
from major absorption lines such as the G-band. On the other hand, the
[Ne ITI1A3968 + He blend was severely affected by Ca II H (A3968), which
was removed to first order by comparison with the strength of
Ca II K (A3934).

The continuum was approximated by a cubic spline drawn through

representative points and subsequently subtracted., Line intensities
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were calculated by summing the flux in all bins between some chosen
endpoints, and also by fitting Gaussians to the observed line profiles,
Gaussians provided excellent approximations to the observed profiles, so
the agreement between the intensity measurements was generally quite
good., In some cases, however, mnoise and peculiarities in the data
clearly indicated that one of the methods was preferable over the other,

The probable error was crudely derived by computing the total
number of photons in each line. Moreover, a comparison of this number
with the average value of the adjacent continuum provided an estimate of
the error due to inaccuracies in defining the continuum level. Finally,
the entire measurement procedure was repeated with a new placement of
the continuwum, and the results compared., Satisfactory agreement was
found for most lines.

Each Gaussian fit also provided an estimate of the FWHM. Since the
emission lines are so narrow, a major source of error is the uncertainty
in the spectral resolution, especially at the blue end where the
emission 1lines are almost unresolved. Figure 2b plots the Gaussian
dispersion ¢ (where FWHM ~ 2.3556) of unblended comparison lines as a
function of position along the detector for the blue spectrum. Similar
curves were constructed for the other spectra, and the intrinsic
("true”) o of each emission line in NGC 7314 was obtained from the

observed and instrumental dispersions using

2 _ 2 1/2

Ctrue (o obs ¢ inst) *

The FWHM of linmes from ions such as He' and 0'F is 150 + 10 km s 1,

o

vhereas lines of H, N+, and S+ are somewhat narrower (FWHM ~ 120 + 10

km s—l). A similar correlation between 1line width and ionization
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potential was noticed in III Zw 77 by Osterbrock (1981), in NGC 3783 by
Pelat, Alloin, and Fosbury (1981), and in several other Seyfert galaxies
(De Robertis and Osterbrock 1984). An increase in the velocity of
clouds with decreasing distance from the central source of ionizing
radiation is the probable cause of the effect. Not enough lines are
available to see whether the correlation between width and critical
density (Filippenko and Halpern 1984; Filippenko 1984) is even better.
Lines from different ions appear at essentially the same redshift in
NGC 7314,

Investigations of the physical processes in classical Seyferts have
concentrated in part on the unusually broad lines. Even in type 2
Seyferts, typical widths (FWHM) are ~ 500 km s-l, which is greater than
in normal H II regions and in galaxies whose nuclei contain aggregates
of giant H II regions (FWHM £ 150 km s_l). Consequently, our view of
AGNs may have become somewhat biased: broad 1lines and nonstellar
activity accompany each other so frequently that the former is often
regarded as a mecessary signature of the latter. Indeed, it has been
suggested (Balzano and Weedman 1981; Shuder and Osterbrock 1981) that
nonthermal activity is absent in galaxies whose nuclei exhibit narrow

1

emission lines (FWHM ¢ 250-300 km s '). A number of studies (e.g., Ward

et al, 1978; Wilson et al, 1976; Phillips, Charles, and Baldwin
1983) conclusively demonstrate that this cannot be true, since many
galaxies exhibiting mnonthermal processes have line widths of order
200 km s_l. Lines in NGC 7314 are the narrowest yet reported for a

Seyfert, and support the conclusions summarized by Phillips, Charles,

and Baldwin (1983).
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b) Broad Balmer Emission

Casual inspection of Figure 3a reveals that Ha is blended with
[N II]A6548,6583, and that broad wings are present. An attempt to
decompose this blend into four Gaussians was made by performing a
least—squares fit with seven free parameters, These were the amplitude,
dispersion, and central wavelength of the broad component, as well as
the amplitudes of [N IIJA6583 and Ha, the dispersion of the narrow
lines, and the central wavelength of [N II1A6583. The use of a single
dispersion for the narrow components is justified by measurements of
[S II1A6716,6731 and HP, and by the expectation that [N II]A6548,6583 is
produced in roughly the same region as the sulfur doublet, The exact
wavelengths of [N II1A6548 and Ha were fixed with respect to that of
[N IXIIr6583, [N II116548 was assumed to be one—third the intemnsity of
[N ITI1Ar6583.

The best fit to the blend is displayed inm Figure 3b. It is
apparent that the very broad wings cannot be reproduced by the use of
only four Gaussian components, Either the broad—line region gives rise
to an intrinsically non—Gaussian profile, or it is composed of several
cloud distributions having different velocity dispersions, If the
latter is correct, then a better fit to the observed blend could be
obtained by including additional Gaussian components in the
decomposition, However, it is mnot clear that the results would have
great  physical significance, especially since the limited
signal-to—noise ratio of the data does not allow a unique fit.

On the other hand, the extended wings suggest that the broad
component has a Lorentzian profile. The results of a new least—squares

fit, consisting once again of seven free parameters, are shown in
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Figure 3c. It is clearly more satisfactory than that with four
Gaussians, but lacks a solid physical interpretation.

A good fit (not shown in Figure 3) at intermediate velocities in
the broad component was obtained by replacing the Lorentzian by a
logarithmic profile, in which the flux can be expressed as a function of
wavelength shift from the line center by

F(AA) = C, log(AA) + C »

1 2
5 8re constants, This is the profile expected for a

where C1 and C
collection of optically thin, radiatively driven clouds (Blumenthal and
Mathews 1975) and in a number of other models as well (Capriotti, Foltz,
and Byard 1980), so its physical justification is much better than that
of a Lorentzian, On the other hand, it underestimates the flux at large
A\ (e.g., high velocities).

The first exponential integral combines the good features of the
logarithmic and Lorentzian profiles, and gives the best fit of all the
functions tested. Figure 3d shows that both the mnarrow and broad
components are represented accurately, except for a slight mismatch in
the mnarrow cores which gives rise to small oscillations in the
residuals, Capriotti, Foltz, and Byard (1980) demonstrated that the
first exponential integral is the expected functional form if optically
thick clouds are flowing away from the nucleus ballistically (that is,
in a force—free environment). Note that the broad component of Ha is
blueshifted by roughly 150 km s-1 with respect to the narrow lines,

Careful examination of the data shows that extremely weak, broad Hf
emission is present in NGC 7314, The great stremgth of broad Ha

compared with the corresponding component of HP indicates that the

reddening of the broad-line region is very high.
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IV. PHYSICAL CONDITIONS

8) Electron Density and Temperature

In a computer program developed by Jules P. Halpermn, the formulae
given by Kafatos and Lynch (1980) were used to calculate emission—1line
intensity ratios as a function of electron density and temperature.
These formulae assume detailed balance in ions which have five low—lying
levels in the ground state configuration. Recent values for <collision
strengths and transition probabilities were used; the sources are given
by Filippenko and Halpern (1984).

The new atomic parameters yield results which differ considerably
from old ones. For example, the ratio I([S II1A6716)/I([S IIIA6731)
changes most rapidly at densities of ~ 500 cm—3 rather than ~ 1100
(Osterbrock 1974). This means that it is most sensitive in roughly the
same range of densities as the [0 IT]1A3726,3729 doublet. While the mnew
calculations are probably more accurate than the old, some of the
collision strengths are quite sensitive to the approximations used, so
considerable theoretical uncertainty still exists.

In NGC 7314, the electron demsity derived from the [S II] doublet
is a ~ 250 cm—s. Although the [0 II] doublet is not quite resolved,
[0 II1A3729 is clearly more intense than [0 IX]A3726, indicating a low
value of n,. The 1lines were deblended under the assumption of

intrinsically Gaussian profiles, giving an o, consistent with the one
above. Using the ratio JX([0 III1A4959+5007)/I([0 III]A4363), the
derived electron temperature is ~ 12000 K. No corrections for reddening

have been made thus far, however,

b) Reddenin
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If the Balmer lines are produced purely by recombination at the
density and temperature given above, the "Case B" (Baker and Menzel
1938) Balmer decrement is (Brocklehurst 1971)

I(Ha)/I(HB)/I(Hy)/I(HS)/I(He) = 2.84/1,00/0.47/0.26/0.16 ,

whereas it is observed to be steeper:

I(Ha)/X(HB)/X(Hy)/I(HS)/I(He) = 5.08/1,00/0.39/0.,17/0.12 .,

This indicates that the narrow—line region is probably reddened, since
at such low densities collisional and optical depth effects probably do
not significantly alter the decrement from its Case B value. At most,
the intrinsic ratio of Ha to HP counld be 3.1 (Halpern 1982), and the
other ratios remain relatively unchanged.

To determine the amount of reddening, the standard extinction 1law
derived by Whitford (1958) is used, It is normalized relative to HB and
conveniently tabulated as £(ki) by Lequeux et al. (1979), where A; are

the wavelengths of common emission lines, From the relation

og | %‘5‘:;)3] log { T +LEW)

. I(4 ]

inbrinsic (48) J observed

the reddening constant C is found to be 0,76 for Ha, 0.63 for Hy, 0.99
for HS5, and 0.60 for He. The average of these is <C> = 0.745, which is
remarkably close to the result obtained for Ha alome. C=0.75 is
therefore adopted for the narrow—line region,

Since

Ep y = 2.5CIEB) - £V,

the color excess is

Ep v ~ 0.655C ~ 0.50 mag,

and the corresponding visual extinction is ~ 1.6 mag if dust in NGC 7314
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is similar to that found in the solar neighborhood. This value of EB—V

includes a contribution due to extinction in the Galaxy, but Burst:in
and Heiles (1982) show that it is negligible at the galactic longitude
(27.14) and latitude (-59.74) of NGC 7314.

An independent estimate of the reddening can be obtained from the
ratio S = I([S II104069+4076)/I([S II1A6716+6731). The data indicate
8§ =0,031, and Figure 1 of Malkan (1983) then shows that
EB—V ~ 0.60 mag. In 1light of the large uncertainty associated with the

measured intensity of [S II]A4069, it is likely that EB—V

is closer to
0.50 mag, the value obtained from the Balmer decrement. This conclusion
is supported by the absence of [0 I11)A7319,7330, since
I([0 II]A7319,7330) decreases with respect to I([0 IIIA3726,3729) as the
reddening decreases.

Malkan (1983) found that in many Seyfert galaxies the reddening
deduced from the [0 II] and [S II] line intensities is considerably
smaller than that obtained from an analysis of the Balmer decrement, but
this is not the case here, It is interesting, however, that in most
narrow—line X-ray galaxies the Balmer decrement dereddened wusing the
([0 II], [S II]) method is close to the normal case B decrement (Malkan
1983), just as in NGC 7314, Furthermore, NGC 7314 supports Malkan's
conclusion that the absolute reddening in these galaxies is much larger
than generally found in type 2 Seyferts and in the mnarrow-line regions
of Seyfert 1 galaxies,

Shuder (1980), Véron et al. (1980), and others have demonstrated
that most mnarrow—line X-ray galaxies exhibit faint, broad Ha emission.
The absence of a similar component of HB implies enormous reddening in

their broad-line region (BLR), and it is possible that the large
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reddening in the narrow—line region is fundamentally related to this,
Dust may be distributed throughout a volume whose radius is of order 100
pc, but it is probably concentrated in the broad—line clouds near the
nucleus,

The observations reported here support this hypothesis, In
NGC 7314 a very faint, broad component of HB is detected, so a direct
estimate of the reddening in the BLR can be made., Since
I(Ha)/I(HB) ~ 48, the standard (case B) analysis yields C ~ 3.7 mag, and

~ 8 mag, Of course, at high densities there is no guarantee that

J>

I(Ha)/XI(HB) is intrinsically equal to 2.84, but the reddening must be
very high even if self-absorption (Netzer 1975) or collisional
excitation of Ha from the ground state (Ferland and Mushotzky 1982) are

important,

¢) The Nonstellar Continuum

Although broad permitted emission lines and strong 1lines from
highly iomized species are the most striking features in the optical
spectra of Seyfert galaxies, another important characteristic is the
continuum, which is dominated by radiation from a nonstellar source.
The presence of a nonstellar continuum in NGC 7314 can be inferred from
the strength of lines such as [Ne V]A3426, [Fe VII]A6087, and Ha, and it
can be measured quantitatively in several ways,

Suppose the broad—line region is composed of small clouds which
subtend a fraction F of the sky as seen from the nucleus of the galaxy.
If the optical and ultraviolet radiation from the central source is
described by a power—law (fv « o %), and if the contribution to the

continuum from stars is negligible, then in the absence of reddening the
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equivalent width of Ha emission is given by
-a
22 ;&

d. L3

EW(lHx) = 2200 F

In NGC 7314, the measured equivalent width of broad Ha is ~ 170 X, but
this is omnly a lower limit since a portion of the continuum comes from
starlight, Such a large value implies that the continuum slope (a) is
quite flat and that the covering fraction is large. If F = 0.1, then
a £ 0.49, an index which is smaller than that of most Seyfert galaxies;
if F=1.0, on the other hand, then a 1.2, which is more typical
(Malkan and Sargent 1982; Malkan and Filippenko 1983).

A direct measurement of the nonstellar continuum in the narrow—line
region can be obtained by comparing the intensities of He II A4686 and
the narrow component of HB. Penston and Fosbury (1978) showed that if

]
the continuum blueward of 912 A is completely absorbed, then

T (e X ““‘)/I(Hg) SR

The observed ratio is 0.42 in NGC 7314, indicating «a ~ 1.13. If the
emission lines are dereddemed, the ratio becomes 0.45 and a ~ 1.07,
flatter by Aa ~ 0.8 than the same spectral region of NGC 4151 (Penston
and Fosbury 1978). The exact numerical results are differemt if
NGC 7314 has a significant "UV bump,” as do most type 1 Seyfert galaxies
(Malkan and Sargent 1982), since the assumption of a constant power—law
slope 1is then obviously incorrect. The qualitative conclusions,
however, remain relatively unchanged. Radiation which reaches the
narrow—line region experiences far less reddening than the broad Balmer

emission; the dust must therefore be concentrated in, or in shells
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around, the broad—-line clouds themselves, and nonstellar radiation must

pass between these clouds on its jourmey to the narrow—line region.,
V. SUMMARY

New optical spectra of the nearby Sc galaxy NGC 7314 confirm its
identification as a mnarrow-line X-ray galaxy (NLXG). Emission—line
intensity ratios resemble those in type 2 Seyferts, and broad Ha
émission is present., The Ha equivalent width of ~ 170 K shows that the
covering fraction of broad—-line clouds may be 1large. A corresponding
component of HP is extremely weak, so the broad-line region must be
heavily reddened. Relative emission—-line strengths, on the other hand,
demonstrate that the spectral index of the nonstellar radiation incident
on the narrow—line clouds is near unity., It is highly unlikely that
this radiation can be reddened as much as the broad Balmer emission.
Therefore, dust is probably concentrated within or near the broad-lime
clouds themselves, and does not seriously affect the nonstellar power

law which ionizes the narrow—line gas,

The Intensified Reticon detector and associated paraphernalia were
made primarily by Steve Shectman, Gary Yanik, and Ken Clardy.
Facilities at Las Campanas Observatory were used as part of the
cooperative agreement between the Carnegie Institution of Washington and
Caltech, Efficient use of observing time was made possible by the
nocturnal assistance of Angel Guerra and Fernando Peralta, as well as by
the diurnal efforts of Hernan Solis and Bill Robinson. Discussions with

Jules Halpern, Martin Elvis, Martin Gaskell, and Matt Malkan were both
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pleasant and informative. Special thanks go to Jules Halpern for the
use of his computer code in the calculation of relative line strengths,
A graduate fellowship from the Fannie and John Hertz Foundation is

greatly appreciated.
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TABLE

1

Journal of Observations, NGC 7314"

Date (UT) Time (s) ;/lnb blaze® R (1)‘ .v8 (X) Alr mass® paf Seef  Stan®
1982 Aug 16 3000 1200 6800 2-3 5680-7560 1.00/1,03 0 1 1,2
1982 Aug 17 2400 1200 46 00 2-3 3220-4970 1,06/1.14 90 1 1,2
1982 Aug 18 1000 1200 4600 2-3 4470-6350 1.22/1.29 90 1 1,2
1983 Avug 13 3000 600 4600 4-5 3900-7580 1.24/1.10 77 1.5 3
1983 Aug 14 2000 1200 4600 2-3 3210-5100 1.12/1.06 90 1 2

fa11 spectra obtained through 2” x 47 apertures.

b

Number of grooves/mm in grating,

°®
cApproximnte blaze (A) of grating, order 1.

dResolntion (FWHM) of unblended emission lines in comparison arc,

®Air mass at beginning and end of integration,

£

BApproximate FWHM of seeing disk (arc seconds),

Position angle (degrees) refers to long dimension of aperture,

hStnndnrd stars: 1 = GD-248, 2 = G158-100, 3 = G24-9,
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FIGURE CAPTIONS

Figure 1: The spectrum of NGC 7314 is shown on 1linear wavelength and
intensity scales, In (8), the strong lines are illustrated at full
scale, while (b) emphasizes the weaker lines and continuum, Note the
presence of prominent low—ionization emission ([0 I], [S II]) as well as
[Ne V], [Fe VII], and other high—ionization lines., The forbidden 1lines

are remarkably narrow, but Ha exhibits a broad component.

Figure 2: Measurements of emission lines in a comparison arc are used
to determine the instrumental resolution (FWHM ~ 2.,3550) as a function
of position along the detector. Gaussians represent the lines to high

accuracy.

Figure 3: Ha and [N II] are shown in (a). A broad component of Ha is
clearly present, Four Gaussians cannot adequately represent the blend
(b), but three Gaussians and one Lorentzian are much more satisfactory
(c). Replacing the Lorentzian with a logarithmic profile (not shown)
results in a better fit at intermediate velocities, but a poorer one in
the extreme wings of Ha., The first exponential integral combines the
best features of both the Lorentzian and logarithmic profiles, giving an
excellent fit at all velocities., Slight asymmetries in the narrow lines

produce the oscillations visible in the residuals.
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CHAPTER 7

Summary and the Future.
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I. SUMMARY

Physical conditions in the nuclei of emission—line galaxies and
low-lumimsity Seyferts were investigated by analyzing their continua
and optical emission lines. A primary motivation was to determine
whether the physical processes are similar to those occurring in QSOs
and luminous type 1 Seyfert galaxies., It was found that gas in the
nuclear regions of many nearby galaxies is predominantly photoionized by
nonstellar radiation, rather than shock-heated. By analogy with active
galactic nuclei of high 1luminosity, the ionizing continuum may be
produced through accretion of gas by a massive, central black hole.

Chapter 1 derived the strength and shape of the nonstellar
continuum for nine Seyfert galaxies, some of which exhibit only
low-level activity. In Seyfert 1 nuclei the Mg I A5175, Na I A5892, and
Ca II A8542 stellar absorption lines are extremely weak, indicating that
galactic starlight does not contribute a significant fraction of the
observed continuum, The starlight measured 5”"-30" from the nucleus
generally has colors which are typical of those in the disks of mnormal
spiral galaxies, The nonstellar continuum is similar to that of QSOs —
it falls from infrared to visual wavelengths roughly as a power law with
slope a ~-1,1 to -1.2, and in the most luminous objects it flattens in
the blue, Even at minimum brightness the mnonstellar flux has no
short-wavelength cutoff near 1 um, eliminating the possibility that the
near—infrared flux is dominated by thermal emission from hot dust
grains, These results suggest a continuity between QSOs, bright and
faint type 1 Seyferts, and perhaps even nearby galaxies whose relatively

faint emission lines are not produced by H II regions.
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The next two chapters concentrated on NGC 7213, an SO galaxy vwhose
optical and X-ray spectra clearly indicate that gas in the vicinity of
the nucleus is photoionized by a mnonstellar coantinuum, Curiously
enough, NGC 7213 also exhibits spectral characteristics which in
"low-luminosity nuclear emission—line regions” (LINERs) have previously
been attributed to heating by shocks,

After careful removal of the strong stellar component from the
optical spectrum, it was shown that the widths of emission lines range
from ~ 200 to ~ 2000 km s--1 (FWHM). Large Aifferences were seen even in
lines arising from the same species, and a tight correlation was found

1/5) for 16

between 1line width and critical density (v = ne(crit)
forbidden 1lines, This indicates that physically distinct clouds having
vastly different densities are present and do not contribute in the same
proportion to different emission 1linmes, Moreover, the strength of
[0 TITI]A4363 relative to [0 IIIIAS5007 can be reasonably explained only
if the density of some clouds in the narrow-line region is of order

6 3 7 3

10 —107 cm ©. Given the great range of densities (~ 103—10 ),

cm
models involving photoionization by a nonstellar continuum are able to
reproduce the observed spectrum better than those invoking shocks. It
was conjectured that most LINERs can be explained in the same manner.
The observed relationship between cloud velocity and density, which is
consistent with clouds in Keplerian orbits and a nearly
radius—independent ionization parameter, can be understood in terms of
the two-phase model of quasar emissionmline regions developed by Krolik,
McKee, and Tarter (1981). High velocities and densities are found

closer to the nucleus than low values,

X-ray spectra were approximated by a power law with ¢ = 0.72 + 0.12
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and Ny <2.5x10% on 2, This implies A_  0.12 mag, which is less

than the value of 0.61 mag derived from a decomposition of the optical
continuum into a power law of index 1.1 and the spectrum of a giant
elliptical galaxy. The discrepancy might be resolved by the emission of
substantial bremsstrahlung radiation at temperatures less than 1 keV
from a hot medium which confines the narrow—line clouds,

The analysis was subsequently extended to three additional active
nuclei and confirmed numerous results derived from NGC 7213,
MR 2251-178, & 1luminous QSO whose gas is wundoubtedly iomnized by
nonstellar radiation, exhibits some of the same characteristics as
NGC 7213. These include a wide range of line widths as well as [0 III]
intensity ratios  which at low densities are incompatible with
photoionization, The same can be said for Pictor A, a radio galaxy with
features of both type 1 Seyferts and LINERs, The key is that a wide
range of densities in the narrow—line region conspire to produce an
overall spectrum that cannot be adequately dealt with in simple,
single—density models, Pks 1718-649, whose optical emission is less
luminous than even that of NGC 7213, also exhibits features which at
first glance appear contradictory. Careful subtraction of the stellar
continuum was emphasized, since crucial diagnostic lines such as
[0 I1I1]24363 and He II A4686 cannot be accurately measured otherwise.
The observations support the hypothesis that much of the ionizing

4—105 K) accretion disk,

radiation is produced thermally by a hot (T ~ 10
rather than by nonthermal processes.
Chapter 5 presented a sensitive search for low—luminosity type 1

]
Seyfert galaxies with spectra having ~ 2.5 A resolution and very high

(2 100/1) signal-to—noise ratios. Compared with the forbidden emission,
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Ha exhibits broad wings in 30 of 75 objects., Of the 26 LINERs listed by
Heckman (1980), 8 to 12 show broad Ha. The equivalent widths range from
nearly zero to values comparable to those in previously recognized
active nuclei of moderate luminosity. This suggests the presence of
activity similar to (but much milder than) that of QSOs in a significant
fraction of all mnearby galaxies. Furthermore, the emission—line
intensity ratios are comsistent with photoionization by nonstellar
radiation, especially when the high densities implied by the observed
correlation between 1line width and critical density are taken into
account, Given the paucity of nearby QSOs and the growing evidence that
they =reside in galactic nuclei, it is likely that many of the objects
surveyed were QSOs in the distant past.

The optical spectrum of NGC 7314, & narrow—line X-ray galaxy, was
discussed in Chapter 6. Relative intensities of emission lines are
typical of those in type 2 Seyferts, but their widths (FWHM ~ 120-150

km s_1

) are smaller than in all other known AGN. This indicates that
nonstellar ionizing radiation need not be associated with rapid motions
among the narrow—line clouds. A broad component of Ha is present; its
profile suggests that gas flows radially away from the mnucleus in a
force—free environment. Analysis of the emission lines demonstrated
that dust, which heavily reddens radiation emitted by the broad-line

clouds, is probably located within or near the clouds themselves rather

than in the low-density confining medium,
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II. THE FUTURE

This thesis demonstrates, among other things, that photoionization
by nonstellar radiation is able to explain the spectral characteristics
of LINERs, but not that it mnecessarily is the dominant excitation
mechanism in all of these objects, It still must be conclusively
determined whether heating by shocks plays an important role in LINERs,
To test this, a very sensitive search for weak nonstellar continua,
[Ne VIA3426, broad Ha emission, and correlations between line width and
critical density must be made in large numbers of LINERs. The detailed
survey I am conducting with W. Sargent, the first results of which were
presented in Chapter 5, should resolve some of these questions, It is
hoped that a large, complete sample of galaxies will eventually be
analyzed.

I am also investigating nearby emission-line galaxies described by
Sandage (1978), using the Cassegrain spectrograph on the 2.5 m du Pont
telescope at Las Campanas Observatory. Thus far, it appears that many
of the objécts contain the same physical processes as classical
Seyferts, The stellar component is much stronger than in normal Seyfert
galaxies, and the emission 1lines are weaker and narrower, but the
physics is fundamentally the same.

Another area which I am pursuing is the relationship between
galaxies with extensive star formation in their nuclei and Seyfert
galaxies, Weedman (1983) has suggested that "star-burst” galaxies may
be the progenitors of Seyferts, and that some objects should exist which
exhibit the properties of both phases. Many candidates have already

been observed. A particularly interesting example is IC 5135; its
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emission lines can be convincingly decomposed into components whose
relative intensities and widths are typical of bright H II regions on
the one hand, and Seyfert 2 galaxies on the other.

Perhaps the most important work that needs to be done is to
quantify the relative intensities and widths of emission lines as a
function of distance from the nucleus of a galaxy, using two—dimensional
(long—slit) spectra, By comparing the spatial gradients with those
predicted by various shock and photoionization models, as was done by
Rose and Searle (1982) for M51, one can learn a great deal about the
excitation mechanism and galactic dynamics., If an object contains a
central source of power-law ionizing radiation, for example, then the
relative intensities of the emission lines should vary with distance
from the nucleus in a systematic and predictable manner (e.g., dme to
simple inverse—square dilution of the radiation field). A galactic
nucleus dominated by shock heating should show a different set of
intensity ratios and radial behaviors,

Two—dimensional spectra are also useful when a galaxy does not
exhibit extended emission, Since the objects I am studying are
dominated by a normal stellar populatiomn, it is difficult to obtain
meaningful relative intensities; the strength of an emission line may
be affected by underlying stellar absorption. With 1long-slit spectra,
on the other hand, it is possible to remove the undesirable stellar
contribution by subtracting an of f-nuclear spectrum from that of the
nucleus, Of course, the galactic bulge may contain a radial gradient in
stellar population, but the method is still applicable (at 1least to
first order) if the metallicity of the galaxy is measured at several

positions along the slit and then extrapolated into the nucleus,
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W. Sargent, J. Halpern, and I  have conducted extensive
investigations at Palamar (5 m) and Cerro Tololo (4 m) Observatories
with mnew CCD spectrographs, Figure 1 illustrates the remarkable
guantity of information available from even a portion of the optical
spectrum obtained through a long slit, In particular, note how the line
widths and the ratio I([N II])/I(Ha) differ at various locations in
NGC 6951. Analysis of the radial gradient mnear the nucleus suggests
that a central source of nonstellar (power law) ionizing radiation is
probably present, while at greater distances the spectrum indicates
photoionization by radiation from hot stars, NGC 6500 (Figure 2)
presents a more puzzling case. The relative intensities do mnot exhibit
marked radial variations, which may be indicative of heating by shocks
(perhaps induced by & dynamical interaction with the companion galaxy,
NGC 6501).

These are just a few of the approaches that can be used to study
the ionization mechanism in emission-line galaxies. The Space Telescope
will open new avenues for this area of research, which in some respects

is still in its infancy.
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FIGURE CAPTIONS

Figure 1: A long-slit spectrum of the nearby spiral galaxy NGC 6951,
obtained with the Double Spectrograph on the Palomar 5 m telescope, is
shown, The distance (in arc seconds) from the nucleus is given for each
individual cut along the dispersion, Strong [0 I]1A6300 emission and the
great strength of [N II]1A6584 relative to Ha indicate that gas in the
nucleus is not photoionized by radiation from ordinary OB stars, unlike
the case a few hundred parsecs away from the mnucleus. The electron

density decreases radially, as do the line widths,

Figure 2: Portions of a two—dimensional spectrum or NGC 6500 show that
the emission—line intemnsity ratios do not change (to first order) at
different positions along the slit. It 4is possible that the main
excitation mechanism is heating by shocks., [0 IJA6300 is exceptionmally

strong, as is the [S II] doublet, making this object a LINER.
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APPENDIX 1

The Importance of Atmospheric Differential Refraction

in Spectrophotometry.

Alexei V. Filippenko

Reprinted from the Publications of the Astromomical Society

of the Pacific (1982, zﬁ: 715-721).
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When you can measure what you are speaking about, and can
express it in numbers, you know something about it; but

vhen you cannot measure it, when you cannot express it in
numbers, your knowledge is of a meager and unsatisfactory
kind: it may be the beginning of knowledge, but you have

scarcely in your thoughts advanced to the stage of science,

Popular lectures and addresses,

William Thomson, Lord Kelvin
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THE IMPORTANCE OF ATMOSPHERIC DIFFERENTIAL REFRACTION
IN SPECTROPHOTOMETRY

ALEXEI V. FILIPPENKO

Department of Astronomy, California Institute of Technology, 105-24, Pasadena, California 91125
Received 1982 March 15

The effects of atmospheric differential refraction on astronomical measurements are much more important than is gen-
erally assumed. In particular, it is shown that relative line and continuum intensities in spectrophotometric work may be
erroneous if this phenomenon is neglected. To help observers minimize these errors, the relation between object position
and optimal slit or aperture orientation is derived, and practical tables and graphs are presented for use at the telescope.

Key words: instrumentation—observing techniques—spectrophotometry

1. Introduction

Atmospheric differential refraction has long been
known to affect the results of a variety of measurement
techniques in astronomy. For example, astrometric
work requires observations at small zenith angles and
comparison of plates taken through similar fil-
ter/emulsion combinations—otherwise considerable er-
rors in the derived relative positions of objects may be
made (van de Kamp 1967). On the other hand, solar as-
tronomers must often observe through the steady atmo-
sphere shortly after sunrise, and they consequently en-
counter severe difficulties since different regions of the
disk appear along the same line of sight if viewed with a
broad-band filter (Simon 1966). Similarly, in spectrosco-
py a substantial amount of light may be lost at large ze-
nith angles if an object is recorded at a wavelength which
differs from the convolution of its energy distribution
and the spectral response of the human eye (and/or
television guider system).

A related problem at nonzero zenith angles is that
more light may be lost from either end of a spectrum
than from the center if the object is well-centered in the
spectrograph slit at the median wavelengths. This ob-
viously leads to an erroneous measurement of the spec-
tral energy distribution if the wavelength range is large.
In view of the recent emphasis placed on relative emis-
sion-line intensities in studies of supernovae, planetary
nebulae, galactic nuclei, and other objects (e.g., Baldwin,
Phillips, and Terlevich 1981), it is important to be aware
that even at small air masses the errors may be non-
negligible. Although errors can easily be minimized by
rotating the spectrograph so that the slit or rectangular
aperture is parallel to the direction of atmospheric re-
fraction, a survey of the literature reveals that this prac-
tice is generally not followed. The purpose of this paper
is to remind spectroscopists of the large effects of atmo-
spheric dispersion and to present convenient tables and
graphs (for use at the telescope) of optimal slit orienta-
tion as a function of object position in the sky.

715

II. Atmospheric Differential Refraction

A. Magnitude

In this section atmospheric differential refraction as a
function of wavelength is calculated for the conditions
typical of major optical observatories.

At sea level (P = 760 mm Hg, T = 15°C) the refrac-
tive index of dry air is given by (Edlén 1953; Coleman,
Bozman, and Meggers 1960)

(n(A)ys760 — 1)10° = 64.328
29498.1 255.4
+ +
146 — (A/AF T 4l — (1/A7

where A is the wavelength of light in vacuo (microns).
Since observatories are usually located at high altitudes,
the index of refraction must be corrected for the lower
ambient temperature and pressure (Barrell 1951):

("O‘)T,p - 1) = ("(A)ls,mo -1
P[] + (1.049 — 0.0157 T)10-°P)
720.883(1 + 0.003661 T)

1)

»

)

In addition, the presence of water vapor in the atmo-
sphere reduces (n — 1)10° by

0.0624 — 0.000680/A?
1 + 0.003661T

f 3)

where f is the water vapor pressure in mm of Hg and T
is the air temperature in ° C (Barrell 1951). At an alti-
tude of ~ 2 km and a latitude of ~ +30°, average con-
ditions are (Allen 1973) P ~ 600 mm Hg, T =~ 7° C, and
f ~ 8 mm Hg. These values are used in equations (1)
through (3) in order to obtain n(A), and atmospheric dif-
ferential refraction (arc seconds) relative to A = 5000 A
is then calculated for an object at zenith angle = from
(Smart 1931)

AR(\) = RQ\) — R(5000)

4)
= 206265 [n(A) — n(5000)] tan = (
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The results are presented in Table I. It is clear that the
importance of atmospheric dispersion increases rapidly
with increasing zenith angle and decreasing wavelength,
and infrared observations are rarely affected.

B. Effect on Spectrophotometry

Table I demonstrates that at an air mass (~ sec z) of
only 1.1 the image of a point source viewed at 6500 A is
displaced from that at 3500 A by three-quarters of an arc
second, while at sec = = 1.3 the displacement becomes
nearly 1.4 arc seconds. It will now be shown that this
leads to considerable relative light losses in low- or mod-
erate-dispersion narrow-aperture spectrophotometry if
the aperture or slit is not aligned along the direction of
atmospheric refraction.

The convolution of guiding errors and seeing produces
a point spread function whose surface brightness p(r) is a
Gaussian with dispersion ¢ (King 1971):

1 2
M) = 5o e )

This equation is normalized such that the total intensity
at any given wavelength is equal to unity, and o is as-
sumed to be independent of wavelength. If a star is cen-
tered at wavelength A in a rectangular aperture of width
2a and length 2b (arc seconds), then the amount of light
at A entering the aperture is given by

N = o f5 wndsdy

1 b
= 2me? S5 S5 e vednay

or

1 ¢ 2202
I()\) = <72_77-; j;a 3‘1/20 dx )
1 b 2
X ( \V2ro f‘b ey )

On the other hand, if the star is displaced from the aper-
ture center by x, arc seconds along the x direction, then

o]

(@-z)
e~ 20%dx

o= (s S

@+z,)

1 -
+ Toms Lm e ) 8)
1 b N
X ( \Vemo ‘J:"’ iy )

With the aid of standard Gaussian integral tables the
above expressions may be easily used to calculate I(A)
under various observing conditions.

Suppose, for example, that the spectrum of a star at

sec z = 1.1 is obtained with a 2”7 x 4" aperture on a
night when 26 = 175, and that the small dimension of
the aperture is aligned along the atmospheric dispersion.
If the star is centered in the aperture at wavelength
5000 A, then according to Table I it will be off center by
0756 at 3500 A and by 0721 in the opposite direction at
6500 A. Consequently, equations (7) and (8) show that
the percentage of light entering the aperture at 5000 A,
6500 A, and 3500 A is 81.1, 79.5, and 69.7, respectively.
Thus, at an air mass of only 1.1 the light loss at 3500 A is
11.4 percent greater than at 5000 A, and it is easy to see
that the relative light losses grow rapidly with increasing
air mass. These errors are particularly alarming in view
of the fact that intensity ratios such as
K[O mjA5007)/1{O ulA3727) are frequently used to dis-
tinguish between different ionization mechanisms in ga-
lactic nuclei and other objects.

Now suppose that the same conditions apply, except
that the long dimension of the aperture is oriented along
the direction of atmospheric dispersion. Then the per-
centage of light entering the aperture at 5000 A, 6500 A,
and 3500 A is 81.1, 80.9, and 79.5, respectively. The re}-
ative light loss has therefore been considerably reduced
by proper orientation of the aperture. Furthermore, the
losses due to differential refraction disappear entirely if
a long slit oriented along the atmospheric refraction is
used to obtain widened one-dimensional spectra, since
light displaced by different amounts still enters the slit.
(Note, however, that problems caused by atmospheric
dispersion cannot be completely avoided if unwidened
two-dimensional spectra of extended objects are desired.)

HI. Optimal Slit or Aperture Position Angle

Since atmospheric differential refraction is per-
pendicular to the horizon, the slit or rectangular aper-
ture of a spectrograph should be oriented along this di-
rection. When the object is on the meridian, the slit posi-
tion angle must be 0° or 180°, but as it moves across
the sky the angle changes. In this section the optimal slit
position angle as a function of object position is derived
and tabulated for easy reference. (Following standard
practice, the position angle is defined as the angle be-
tween the slit and the hour circle through the object,
measured from the north through the east from 0° to
360°.)

Consider the spherical triangle whose vertices are de-
fined by the object being observed, the zenith, and the
appropriate celestial pole. Application of the law of
sines yields

sin 7 _ sinh
sin(7/2 — ¢)  sinz

©)

where 7 is the parallactic angle, h is the object’s hour
angle (h is positive if west of the meridian), z is the ob-
ject’s zenith angle, and ¢ is the observer’s latitude. Equa-
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ATMOSPHERIC DIFFERENTIAL REFRACTION 717
Table 1
Atmoppheric differential refraction at an sltitude of 2 km (srceeconds)
Wavelength (inlltron)

3000 3500 4000 4500 3000 5500 6000 6500 7000 7300 8000 8500 #500 10000
Sec =
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.00 0.00 8.00 0.00
1.05 0.68 0.38 0.20 0.08 0.00 -0.06 -0.14 -0.17 -0.19 -0.21 -0.23 -0.25 -0.26
1.10 0.97 0.55 0.29 0.12 0.00 -0.09 -0.20 ~-0.24 -0.28 -0.30 ~-0,32 ~0.36 ~-0.37
1.15 l.20 0.68 0.36 0.15% 0.00 -0.11 -0.25 -0.30 -0.34 ~-0.38 -0.40 -0.44 -0.46
1.20 1.40 0.80 0.42 0.17 0.00 -0.13 -0.30 -0.35 -0.40 ~0.44 -0.47 ~0.52 -0.54
1.28 1.5%9 0.90 0.48 0.20 0.00 -0.14 -0,33 ~-0.40 -0.45 -0.50 -0.53 ~-0.59 -0.61
1.30 176 1.00  0.53  0.22 0,00 ~0.i6 ~0.37  -0.44 =0.50 -0.55 ~0.59 ~0.65 -0.67
1.35 1.92  1.09  0.58  0.24 0,00 =-0.17 ~0.40  =0.48 -0.55 <-0.60 ~-0.64 ~0.71  -0.73
1.40 2.07 1.18 6.62 0.26 0.00 -0.19 -0.44 -0.52 -0.59 ~0.65%5 -0.69 -0.77 -0.79
1.45 222 1.26  0.67  0.28 0,00 =0.20 -0.47 -0.56 <-0.63 -0.69 ~0.74 -0.82 -0.8%
1.50 2,37 1.34  0.71  0.29  0.00 <-0.21 -0.60 -0.68 =-0.74 =0.79 ~0.87  -0.91
1.55 2.51 1.42  0.75 0.31  0.00 ~0.2) -0.63 -0.72 -0.78 ~0.84 ~0.93  -0.96
1.60 266 1.30 0.80  0.33  0.00 -0.24 -0.67 ~0.75 0.8 -0.88 -0.98 ~-1.01
1.65 2,76 1.58 0.84  0.34 0.00 <-0.13 -0.76  -0.79 ~0.87 -0.83 ~1.03  ~1.06
1.70 2.91  1.65 0.88  0.36  0.00 =-0.26 “0.73  -0.83 ~0.91 =0.97 ~1.07  -l.1t
1.3 3.04  1.73  0.92  0.38  0.00 <-0.27 =0.77  -0.87 <-0.95 ~-1.02 “1.12  -1.16
1.80 3.17  1.80  0.95  0.3%  0.00 =-0.19 ~0.80 =0.90 -0.9%  ~1.06 -1.17 -1l
1.85 3.29  1.87  0.99 0.4l  0.00 =-0.30 -0.83  -0.94 =1.03 ~-1.10 ~1.22  -1.26
1.90 3.42 1.94 1.03 0.42 0.00 -0.31 -0.86 ~0.98 -1.07 “l,14 -1,26 =1.31
1.95 3.34 2,01 1.07  0.44 0.00 =-0.32 -0.88 ~1.01 <~i.11 =1.1% ~1.31  -1.36
2.00 3.67 2,08 1.10  0.45  0.00 <-0.33 -0.92 1,05 -1.15 ~1.23 -1.35  -1.40
2.10 3.81  2.22 1.8  0.48  0.00 -0.35 ~0.99 =1.12 -1.23 ~1.31 “1.44  ~1.50
2.20 4.1 2,36 1.35  0.51  0.00 -0.37 “1.05  ~1.18 <~1.30 ~1.39 -1.53  -1.5%
2.30 4.38  2.49  1.32  0.34  0.00 -0.40 <11 =1.25  =1.37  -1.47 ~1.61  ~1.68
2.40 4.62 2,62 139 0.57  0.00 =0.42 ~1.16  =1.32 =1.44 =1,5% -1.70  =1.77
2.50 4.85 2,75 1.46  0.60  0.00 ~0.44 -1.22  -1.38  -1.52  «l.62 ~1.78  ~1.8
2.60 5.08  2.88 1.53  0.63  0.00 =0.46 “1.28  -1.45 =1.5% -1.70 ~1.88  =1.94
2.70 5.31  3.01  1.60 @.66  0.00 ~0.48 “1.34  <1.51  <1.66 <~1.78 ~1.96 -2.03
2.80 5.5  3.14  1.67  0.69  0.00 =0.50 “1.40  =1.38 <1.73 -1.85 -2.06 -2,12
2.90 5.76  3.27  1.74  0.71  0.00 ~0.52 ~1.45  ~1.64  «1.80 -1.93 «2.13  -2.20
3.00 $.99  3.40 1.80  0.74  ©0.00 -0.54 “1.51  ~l.71  -1.87  -2.00 ~2.21
3.10 6.21 3.5  1.87  0.77  0.00 -0.56 -1.57  -1.77  -1.%4 -2.08 -2,29
.20 6.44  3.65 1.94  0.80 0.00 =-0.38 “1.62  -1.84 -2.001 -2.15 ~2.38
3.30 6.66  3.78 2,00 0.8  0.00 ~0.60 -1.68 -1.90 -2.08 -2,23 -2.46
3.40 6.88  3.91 2,07 0.85 0.00 -0.62 -1.73  -1.96  -2.15  -~2.30 ~2.54
3.50 7.10  4.03 2,14 0.88  0.00 <-0.64 -1.79 =203 -2.21 -2.38 ~2.62
3.60 7.32 4.16 2.20 0.91 0.00 ~0.66 -1.85 -2.09 -2.29 -2.45 ~2,70
3.70 7.54  4.28 2,27 0.94  0.00 <-0.68 =-1.19 -1.90 ~2,15 -2.36 -2,52 ~2.78
3.80 7.76  A.4l 2.34  0.96  0.00 -0.70 ~1.23 -1.96  -2.21 ~2,42 2,60 ~1.86
3.90 7.98  4.53  2.40 0.99  0.00 -0.72 ~i.26 -2.01 -2.28 -2.4% -2.67 ~2.9%
4.00 8.20  4.66  2.47  1.02  0.00 =-0.74 -1.30 -2,07  -2.34 -2.56 <-2.74 ~3.03  -3.4
4.10 8.42 478 2,53 1,04  0.00 ~0.76 ~-1.33 -2.12  -2.40 -2.63 -2.82 -3.11  -3.22
4,20 8.64 4.90 2.60 1.07 0.00 -0.78 -1,37 -2,18 -2.46 -2.70 -2.89 ~3.19 -3.30
4.30 8.85 5.03 2,67 1.10 ©0.00 -0.80 <1.40 -2.28  «2.53  -2.77  -2.96 ~3.27  -3.39
4.40 9.07  5.15 2,73 1.12 0,00 -0.82 -1.44 -2.29  -2.59 -2.83 -3.04 -3.35  -3.47
4.50 9.29  3.27  2.80 1.15  ©0.00 =-0.84 -1.47 ~2.34  -2.65 -2.90 ~3.1l ~3.43  -3.35
4,60 9.51  5.40  2.86 1.18 0,00 ~-0.86 ~-1.51 -2.40 =2.71 -2.97 -3.18 ~3.51  ~3.64
400 9.72  5.52  2.93  1.21  0.00 -0.88 -1.54 -2.45  -2.77  -3.04 -3.25 -3.39  -3.72
4,80 9.94  5.64 2,99 1.23  0.00 -0.90 ~-1.57 ~2.51 2,84 =3.10 =3.33 ~3.67  =3.80
4.90 1015 5,77 3.06  1.26  0.00 =0.92 ~i.6l -2.56  -2.90 =-3.17 -3.40 ~3.75  -3.88
tion (9) is equivalent to

d ally sufficient to use the time-averaged value of the op-

snn = (10) timal position angle.
sinh cos ¢ Tables II and 1 list the approximate air mass and best

{1 — (sin¢sind + cos¢ cosd cos h)2]1’2 °

which gives the parallactic angle, and hence the optimal
slit position angle, explicitly as a function of object hour
angle and declination 8. In practice, one must be very
careful when using equation (10) to calculate the slit po-
sition angle, as errors are easily made: if we define —90°
< n = 90°, then the true position angle may be 7, 180°
~ m, or —(180° + =) depending on the hemisphere
from which observations are made, on the value of the
hour angle, and on whether the object is north or south
of the zenith.

In order to minimize relative light losses, it is clearly
most desirable to continuously rotate the slit position
angle as the object’s hour angle changes. Such a system is
currently being designed for the 5-m Hale telescope (J.
B. Oke 1982). However, for short integrations it is gener-

position angle as a function of object hour angle and
declination. Air masses are included to aid the observer
in deciding whether the differential refraction at the ob-
ject position (as given in Table I) is of sufficient impor-
tance to necessitate rotation of the spectrograph. Al-
though Table II is calculated for the latitude of Palomar
Observatory (¢ = +33°21), it is also applicable at
many other northern observatories; the only large differ-
ences occur when an object is near the zenith, in which
case the air mass is so small that differential refraction
may be neglected. Similarly, Table III refers specifically
to Las Campanas Observatory (¢ = —29°00"). Figures 1
and 2 display the optimal position angle versus object
hour angle for different object declinations. It is seen
that the optimal position angle changes very rapidly for
objects near the zenith, but usually the spectrograph
need not be rotated in such cases.
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Table II
(a) Secant 2, and (b) Optimal siit position angle at Palomar Observatory
(a) Hour angle east or west of the meridian
0.0 0.5 1.0 1.5 2.0 - . 3.5 . . . 5.5 6.0 6.5 7.0 7.5 8.0
Dec
-35.0 2.71 2.75 2.89 3.16 3.61 4.39 5.93 9.88
-30.0 2.23 2.26 2.36 2.54 2.84 3.34 4.23 6.04
-25.0 1,91 1.93 2.00 2.14 2.36 2.72 3.30 4.38 6.84
-20.0 1.68 1.69 1.75 1.86 2.03 2.30 2.72 3.45 4.88 8.90
~15.0 1.50 1.52 1.57 1.66 1.80 2,01 2.34 2.87 3.83 6.01
-10.0 1.38 1.39 1.43 1.5¢  1.62 1.79 2,06 2,47 3.17 4.56 8.51
=-5.0 1.28 1.29 1.32 1.39 1.49 1.63 1.85 2.18 2.72 3.70 5.97
0.0 1.20 1,21 1.24 1,30 1.38 1.51 1.69  1.97 2,39 3.13 4.63 9.17
5.0 1.14 1.15 1.17 1.22 1.3¢ 1.4 1.57 1.80 2.16 2.73 3.80 6.39
10.0 1.09 1.10 1.12 1.17 1.24 1.34 1.48 1.68 1.97 2.44 3.24 4.93
15.0 1.05 1.06 1.09 1.13 1.1%  1.28 1.40 1.58 1.83 2.22 2,85 4.04 7.03
20.0 1.03 1.03 1.06 1.10 1.15% 1.23 1.3% 1.5¢ 1.72 2.05 2.56 3.44 5$.32
25.0 1.01 1.02 1.04 1.07 1.13 1.20 1.30  1.44 1.64 1.92 2.33 3.02 4.30 7.49
30.0 1.00 1.01 1.03 1.06 1.11 1.18  1.27 1.40 1.57 1.81 2.16 2.71 3.64 5.54
35.0 1.00 1.01 1.02  1.06 1.10  1.17 1.25 1.37 1.52 1.73 2.03 2.47 3.17 4.42 7.23
40.0 1.01 1.01 1.03 1.06 1.10 1.16 1.24  1.35 1,49 1.67 1.93 2.29 2.83 3.71 5.33 $.22
45.0 1.02 1.03 1,04 1.07 1.11 1.17 1.24 1.34 1.46 1.63 1.85 2.15 2.57 3.21 4.24 6.15
50.0 1.04 1.05 1.06 1.09 1.13 1.18 1.25 1.34 1.45 1.60 1.79 2.04 2,37 2.85 3.54 4.64 6.55
55.0 1.08 1.08 1.10 1.12 1.16 1.20 1.27 1.35 1,45 1.58 1.74 1.95 2.22 2.58 3.06 3.75  4.74
60.0 1.12 1.12 1.14 1.16 1.19 1.24 1.30 1.37 1.46 1,57 1.71 1.88 2.10 2.37 2,72 3.16 3.74
65.0 1.17 1.18 1.19 1.22 1.24 1.28 1.34 1.40 1.48 1.58 1.70 1.84 2.01 2,21 2.46 2,75 3.11
70.0 1.25 1.25 1.26 1.28 1.21 1.35 1.39 1.45 1.52 1.60 1.69 1.81 1.94 2,09 2.26 2.46 2.68
75.0 1.34 1.34 1.35  1.37 1.39  1.42 1.46 1.51 1.56 1.63 1.70 1.79  1.88 1.99 2.10 2,23 2.36
80.0 1.46 1.46 1.47 1.48 1.50 1.52 1.55 1.59 1,63 1.68 1.73 1.78 1.85 1.91 1.98  2.06 2.13
85.0 1.61 1.61 1.62 1.63 1.64 1.65 1.67 1.69 1.71 1.7¢  1.77 1.79  1.83 1.86 1.8% 1.92 1.96
(b) Hour angle west of the meridian
0.0 0.5 1.0 1.5 2.0 2.5 «0 . 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Dec
-35.0 0.0 6.7 13.3 19.7 25.8 31.5 36.8 41.8
<30.0 8.0 7.0 13.8 20.3 26.5 32.2 37.4 42.2
-25.0 0.0 7.3 14.4 21.2 27.5 33,2 38.3 42.9 47.0
-20,0 0.0 7.8 15.3 22.3 28.7 34.4 39.4 43.8 47.6 51.0
-15.0 0.0 8.3 16.3 23.6 30.2 35.9 40.8 45.0 48.5 51.5
=10.0 0.0 9.0 17.6 25.3 32.1 37.8 42.5 46.5 49.7 $2.3 54.3
~5.0 0.0 10.0 19,3 27.5 34.4 40.0 44.6 48.2 51.1 53.3 54.9
0.0 0.0 11.2 21,5 30.2 37.2 42.8 47.1 50.3 52.8 54.5 55.7 56.4
5.0 0.0 12.9 24.4 33.6 40.8 46.1 50.0 52.8 54.8 56.0 56.8 57.0
10.0 0.0 15.3 28.3 38.1 45.1 50.0 53.4 55.6 57.1 57.8 58.0 57.8
15.0 0.0 19.0 33.9 44.0 50.5 54.7 57.4 58.9 59.7 59.8 59.5 $8.7 57.6
20.0 0.0 25.0 41.9 51.7 57.2 60.3 62.0 62.7 62.7 62.2 61.3 59.9 58.3
25.0 0.0 36.3 54.0 61.7 65.3 66.8 67.2 66.9 66.0 64.8 63.2 61.4 59.2 56.7
30.0 0.0 60.4 71.4 74.2 74.7 74,1 73.0 71.5 69.7 6§7.7 65.5 63.0 60.3 57.4
3s.0 180.0 102.8 93.3 88.6 85.2 82,1 79.3 76.5 73.8 70.9 68.0 64.9 61.7 58.2 54.6
40.0 180.0 135.6 114.3 103.2 96.0 90.5 86.0 81.9 78.1 74.4 70.7 67.0 63.2 59.3 55.2 50.9
45.0 180.0 151.0 130.1 116.2 106.4 98.9 92.8 87.5 82.6 78.1 73.7 69.4 65.0 60.6 56.1 51.5
50.0 180.0 158.8 140.8 126.6 115.7 106.9 99.5 93.1 87.4 82.0 76.9 72.0 67.1 62.2 57.3 52.2 47.1
55.0 180.0 163.3 148.0 134.7 123.6 114.1 105.9 98.7 92.1 86.0 80.3 74.7 69.3 64.0 58.6 53.2 47.7
60.0 180.0 166.2 153.¢ 140.9 130.1 120,5 111.8 104.0 9.8 96.1 3.8 7.7 71.8 66.0 60.2 54.4 48.7
65.0 180.0 168.1 156.6 145.6 135.4 125.9 117.2 109.0 101.4 94.3 7.4 80.8 74.5 68.2 62.0 55.9 49.8
70.0 180.0 169.5 159.2 14%.2 139.7 130.5 121.9 113.6 105.8 98.3 91.1 84.1 77.3 70.7 64.1 57.7 51.3
75.0 180.0 170.6 161.3 152.1 143,1 134.4 125.9 117.8 109.8 102.2 94.7 87.4 80.3 73.4 66.5 59.7 53.0
80.0 180.0 171.4 162.8 154.3 145.9 137.6 129.5 121.5 113.6 10S. $8.3 $0.8 83.5 76.2 €9.1 62.0 55.0
85.0 180.0 172.0 164.0 156.1 148.2 140.3 132.5 124.7 117.0 108.3 101.7 94.2 86.7 79.3 71.9 64.6 57.3

Note: The corresponding position angles for objects east of the meridian are negative.

Many spectrographs capable of being rotated are set

by default to a position angle of 90°. Although this mini-
mizes light losses caused by tracking errors, the losses
due to atmospheric dispersion may be far larger. Since
objects are frequently observed when they are near the
meridian, the optimal position angle is often closer to 0°
or 180° rather than to the default value. Thus, erroneous
relative line strengths pervade the literature and must be
viewed with caution. Only the best available data should
be incorporated in astrophysical models, as was general-
ly done by Baldwin et al. (1981).

It is a pleasure to thank the Fannie and John Hertz
Foundation for financial support, as well as D. P. Schnei-
der, T. A. Boroson, G. Berriman, and J. R. Pier for com-
ments on an earlier version of this paper. Amusing dis-
cussions with W. L. W. Sargent are also appreciated.
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(a)

0.0

Dec
35.0 2.28
30.0 1.94
25.0 1.70
20.0 1.52
15.0 1.39
10.0 1.29
5.0 1.21
0.0 1.14
«5.0 1.09
-10.0 1.06
-15.0 1.03
=-20.0 1.01
-25.0 1.00
-~30.0 1.00
~35.0 1,01
-40.0 1.02
-45.0 1.04
-50.0 1.07
-55.0 1.11
-60.0 1.17
-65.0 1.24
-70.0 1.33
~75.0 1.44
~80.0 1.59
-85.0 1.79
(b) 0.0

Dec
35.0 180.0
30.0 180.0
25.0 180.0
20.0 180.0
15.0 180.0
10.0 180.0
5.0 180.0
0.0 180.0
-5.0 180.0
~10.0 180.0
-15.0 180.0
-20.0 180.0
~25.0 180.0
~30.0 0.0
-35.0 0.0
-40.0 0.0
~45.0 0.0
-50.0 0.0
-55.0 0.0
~60.0 0.0
-65.0 0.0
-70.0 6.0
-75.0 0.0
~80.0 8.0
~85.0 0.0

0.5

2.31
1.97

1.79
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Table III

(a) Secant Z, and (b) Optiwal slit position angle at Las Campanas Observatory

1.0

2,42
2.04
1.78
1.59
1.45
1.34
1.25
1.18
1.13
1.09
1.06
1.04
1.03
1.03
1.03
1.04
1.06
1.09
1.13
1.19
1.26
1.34
1.46
1.60
1.80

15.8

1.5

2.61
2.19
1.90
1.68
1.53
1.41
1.3
1,24
1.18
1.14
1.10
1.08
1.07
1.06
1.06
1.07
1.09
1.12
1.16
1.21
1.28
1.37
1.48
1.62
1.81

23.7

2.0

2.92
2.42
2,08
1.83
1.65
1.51
1.40
1.32
1.25
1.20
1.17
1.14
1.12
1.11
1.11
1.12
1.14
1.17
1.20
1.25
1.32
1.40
1.51
1.64
1.82

31.5

Hour angle east or west of the meridian

3.44
2.79
2.36
2.06
1.84
1.67
1.54
1.44
1.36
1.30
1.26
1.22
1.20
1.19
1.18
1.19
1.20
1.22
1.26
1.30
1.36
1.44
1.54
1.67
1.84

38.4

4.38
3.4
2.81
2.4
2.12
1.91
1.74
1.62
1.52
1.44
1.38
1,34
1.3
1.29
1,27
1.27
1.28
1.30
1.33
1.37
1.43
1.50
1.59
1.71
1.86

Bour angle west of the meridian
3.0 3.5

140.6
138.7

47.1

6.33
4.57
3.60
2.99
2.57
2.27
2.05
1.88
1.75
1.64
1.56
1.50
1.45
1.42
1.40
1.39
1.39
1.40
1.42
1.46
1.51
1.57
1.65
1.75
1.89

135.4
134.7

54.9

7.34
5.22
4.08
3.37
2.89
2.54
2,29
2.09
1.94
1.83
1.73
1.66
1.61
1.57
1.55
1.53
1.53
1.54
1.57
1.60
1.65
1.72
1.81
1.92

62.6

6.72
5.06
4.07
3.43
2.99
2,66
2.42
2,23
2,08
1.97
1.88
1.81
1.76
1.73
1.70
1.70
1.70
1.72
1.75
1.80
1.87
1.95

70.2

Note: The corresponding position angles for objects east

7.21
5.46
4.42
3.73
3.26
2.9
2.64
2.44
2.28
2.16
2.06
1.99
1.93
1.90
1.88
1.87
1.88
1.90
1.94
1.99

5.0

of the meridian are negative,

5.5

8.76
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PALOMAR OBSERVATORY .
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F1G. 1—Optimal slit or aperture position angle as a function of object position west of the meridian, computed for the latitude of Palomar Obser-
vatory. The diagram is valid for most other major observatories in the Northern Hemisphere, except at very small air masses. Corresponding posi-
tion angles for objects east of the meridian are negative.
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ATMOSPHERIC DIFFERENTIAL REFRACTION 721
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RG. 2—The same as Figure 1, but computed for the latitude of Las Campanas Observatory. The diagram is valid for most other major observa-
tories in the Southern Hemisphere, except at very small air masses.
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Faint Spectrophotometric Standard Stars for

Large Optical Telescopes. I,
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Standards? What are they? Why do we need to measure

standards if we already know what they look like?

An anonymous astronomer
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ABSTRACT

Ve opresent spectral energy distributions over the range
AA3300-10000 for a set of five spectrophotometric standards, four of
which are white dwarfs, These stars are faint (mv ~ 15,5 mag),
equatorial, and exhibit nearly featureless continua, so they can be
observed without neutral demnsity filters to calibrate the response of

photon—-counting spectrographs on large telescopes in both hemispheres.

Key words: spectrophotometry—stars: metal—-deficient—stars: white

dwarfs
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I. INTRODUCTION

Modern electronic detectors on optical astronomical spectrographs
can generally be divided into two classes: those in which charge
accumulates at a rate proportional to the object’'s brightness and is
measured at the end of an integration, and those that "count” each
photon at the time of detection. The main properties of the former
group are high quantum efficiency and linearity over an enormous range
of incident fluxes, and it includes SIT vidicons (e.g., Kent 1979;
Atwood et al, 1979) as well as CCDs (e.g., Oke and Gunn 1982).
Reticons (Shectman and Hiltner 1976) and the IPCS (Boksenberg 1972;
Boksenberg and Burgess 1973) represent the latter group; they offer
real—-time monitoring of a spectrum’s progress and have no readout noise.
On the other hand, they suffer from coincidence losses (Fernie 1976)

even at relatively low count rates (~ 1 photon pixeln1 s—1

), so bright
objects cannot be efficiently observed.

It is important to determine the overall spectral response of the
spectrograph when reducing data obtained with these detectors. To
facilitate this, secondary standards located primarily in the northern
hemisphere and calibrated with respect to the absolute energy
distribution of a Lyrae (Oke and Schild 1970; Hayes 1970; Hayes and
Latham 1975) were established by a number of observers (e.g., Oke 1964;
Hayes 1970; Stone 1974, 1977; Breger 1975; Oke and Guan 1983), In
addition, Stone and Baldwin (1983) and Baldwin and Stone (1984) recently
provided reliable standards in the southern hemisphere. Most of the

stars listed in the above references, however, are too bright to be used

with photon—counting systems, since their visual magnitudes are less
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than ~ 13, The Intensified Reticon on the 2.5 m duPont telescope at Las
Campanas Observatory, for example, detects ~ 1 photon K‘l 3—1 at A5000
for a star with m_ o~ 14.5, so substantial (> 10%) coincidence losses
occur when.a low—dispersion grating is wused. Similar problems are
evident with stars as faint as m_ ~ 16 when using photon—counting
spectrometers on the Hale reflector at Palomar Observatory.

Attempts have been made to overcome this problem by adopting as
intermediate standards the spectral scans of faint white dwarfs
published by Oke (1974). But these objects were not intended to be used
as standards; many are unsuitable because of brightness, and the
strong, broad absorption lines of H or He visible in the spectra of DA
and DB stars prove to be particularly troublesome in reduction programs.
It is also best to avoid the use of “"neutral density” filters, since
their actual transmittance is a function of wavelength and is often
difficult to calibrate accurately. Similarly, absolute
spectrophotometry is sacrificed if a narrow slit or small aperture is
employed to decrease the detected flux, and even relative intensities
may be affected because of atmospheric dispersion,

Thus, faint standard stars distributed over the sky are clearly
needed for photon—counting detectors on 1large telescopes. Ideally,
these objects should exhibit nearly flat, featureless continua, and at
least some of them must be accessible from both hemispheres. In this
paper we present an initial set of five stars which come <c¢lose to
satisfying the above requirements, Several of them have already been
successfully used by 2 number of observers; their calibration must be
viewed as preliminary, however, since the data have somewhat low

signal—-to—noise ratios at ultraviolet and near—infrared wavelengths.
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With respect to A5400, relative and absolute umncertainties of roughly
+ 0,03-0.04 mag exist from A4000 through A8000, The accuracy is worse
outside this range, and in some cases the effects of atmospheric

dispersion produce substantially greater errors in the UV,
II. OBSERVATIONS AND ANALYSIS

The stars were selected from the extensive catalog of white dwarfs
compiled from observations made with the Multichannel Spectrophotometer
(MCSP; Oke 1969) on the Palomar 5 m télescope (Greenstein 1984),
Apparent magnitude, spectral type, accessibility from Las Campanas
during observing runs in August of 1982 and 1983, and the quality of the
MCSP data were the primary selection criteria; DA white dwarfs, for
example, were generally excluded because of their strong, broad Balmer
absorption 1lines, Table I 1lists the stars along with their 1950
coordinates, spectral classification on the system of Sion et al,
(1983), magnitude at A5400, proper motion, and references. Finding
charts reproduced from Palomar Observatory Sky Survey E prints are shown
in Figure 1, Plate epochs and the proper motions in Table I can be used
to obtain current positions of the stars.

The spectral energy distribution of each object was determined from
the MCSP observations, We attempted to wuse only data taken during
nights whose photometric properties could be ascertained with reasonable
certainty, At least two secondary standards from Oke and Gunn (1983)
were observed each night through a 10" circular aperture, but spectra of
the faint objects were taken through a 7" aperture in order to decrease
contamination by strong moonlight, Under conditions of good seeing

(¢ 2"), the difference in aperture diameter should introduce negligible
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error into the absolute calibration; the possibility of inaccuracies,
however, cannot be entirely eliminated,

Reduction of the data included wavelength calibration of the MCSP
bandpasses, removal of atmospheric extinction, subtraction of the sky,
and determination of the spectral response. Systematic corrections were
applied to the derived spectrum of each object in order to account for
)  flux

the recent recalibration (AB,.) of the preliminary (AB

79 69
distributions of the five sdG secondary standards described by Oke and
Gunn (1983). The magnitude and sign of the corrections depended on
which of the standards were used on the particular nights of
observation,

Several of the MCSP spectra suggest the presence of weak absorption
lines. Many of these features are confirmed in spectra having moderate
resolution (~ 8-16 X) obtained with the Intensified Reticon on the
duPont 2.5 m reflector at Las Campanas and with the CCD Double
Spectrograph (DBSP; Oke and Gunn 1982) on the Palomar Hale telescope.
The Reticon spectrum of each star is shown in Figure 2, where
AB = —2.510g(fv) - 48.6 at frequency ¥4 = ¢/A. (Here the units of fy are

erg s 1 cm 2 Hz—l; if we wish fv in mJy, then log(fv) = —-0.4AB + 6.56.)

A smooth curve representing the average continuum was drawn through
the MCSP data, Magnitudes were determined at intervals of 100 X
blueward of A5000 and 200 K redward of A5000. These points (listed in
Table II and shown as filled circles in Figure 2) ignore the
contribution of absorption 1lines, and are meant to delineate the
"featureless” component of each star. Regions containing absorption

lines should be excluded in reduction programs when using the stars as

spectrophotometric standards; the instrumental response should instead
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be estimated by adopting the monochromatic magnitudes in Table II and
interpolating across contaminated sections, Note that some weak
absorption lines possibly seen in the DBSP data may or may not be

visible in the relatively noisy Las Campanas spectra (Figure 2).
IIX. NOTES OONCERNING INDIVIDUAL STARS

G158-100 (0031-12): This is a very metal—deficient G subdwarf with
a nearly featureless spectrum. Weak Balmer absorption is visible, as
well as Ca II H (A3968) and K (A3934), the G band (A4304), Mg b (A5175),
Na D (A5892), and 1lines of Fe I in the UV, The spectrum is quite
similar to those of the Oke and Guan (1983) secondary standards,
el though its color temperature is lower (5500-6000 K). G158-100 appears
in Greenstein’s (1984) catalogue of white dwarfs as a star with
uncertain classification; it is also discussed by Greenstein (1976).

G138-31 (1625+09): Narrow Balmer absorption 1lines having small
equivalent widths, and the overall shape of the continuum, indicate that
this is a cool white dwarf of spectral type DA. The line profiles are
in striking contrast to those found in classical DA stars such as HZ 4
and HZ 7 (Oke 1974), in which the wings of Hf and Hy merge. However,
the color temperature of ~ 7000 K is far from the zone of
hydrogen—driven nonradial oscillations (T ~ 11500 K).

G24-9 (2011+06): The continuum of this white dwarf is almost

featureless, There are hints of shallow absorption near AA4000-4100,
AA4550-4750, and perhaps elsewhere as well, so the spectral class is DQ.
At a temperature of ~ 7000 K, the helium—dominated atmosphere is much
too cool for the existence of pulsational instabilities, which probably

require T 2 20000 K.
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G157-34 (2311-06): Moderately strong Swan bands such as
A5165 C2(0,0) and A4737 C2(1,0) are visible, making this a DQ white
dwarf with a helium— and carbon-rich atmosphere near T ~ 8000 K. There
are additional weaker limes mnear A4100 and A3800 similar to those
reported by Wegner and Yackovich (1982) in LHS 262. The region redward
of A7000 may also contain a few weak features.

GD-248 (2323+15): Greenstein (1984) classified this white dwarf as
& DC because it exhibits a featureless continuum in the MCSP data.
Spectra obtained with the DBSP, however, indicate the possible presence
of two or three very weak (depth £ 0.04 mag) absorption lines at
approximately the same wavelengths as prominent features in G157-34, so
the true spectral class may be DQ. The absence of Balmer absorption
shows that the atmosphere must be dominated by helium, since the
temperature of GD-248 is ~ 9500-10000 K (which is too cool to produce
He I lines). Moreover, GD-248 is deficient in carbon compared with most
DQ stars; G47-18 (0850+433), an object of similar color temperature,

contains very strong C, and CI features. Thus, other white dwarfs

2
having heliumrich atmospheres and low C/He abundance ratios may prove

to be the most nearly line—free standards in future studies.
IV. ESTIMATE OF ERRORS

The MCSP observations were made with (blue/red) resolution settings
of (40/80 X) or (80/160 K). Statistical uncertainty in most channels is
well below + 0.05 mag; true relative errors are undoubtedly smaller,
since we smoothed the data when determining the average continuum at
each point., Due to the faintness of the objects and to the low

sensitivity of the MCSP at ultraviolet and near—infrared wavelengths,
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however, the data are of such quality only in the approximate range
A)74000-8000.

A potential source of error is present in the secondary standards
(Oke and Gunn 1983) adopted to reduce the MCSP data. These objects are
G-type subdwarfs with moderately strong Balmer absorption, and exhibit a
marked decrease in brightness at shorter wavelengths than Ca II H and K.
Near the Balmer 1limit they are mnot well-calibrated relative to the
primary standard, a Lyrae. The absorption lines also cause difficulties
in the calibration of other objects. Moreover, omne of the original
stars (HD 140283) is no longer being used as a secondary standard; its
spectral energy distribution must therefore be considered less reliable
(Oke and Gunn 1983), affecting the calibration of GD-248 and G138-31.

Serious systematic errors in some of our MCSP observations are
produced by atmospheric dispersion. Since data for the faint equatorial
stars were obtained through a circular aperture of only 7" diameter,
substantial UV light was lost. At a given wavelength the loss depends
critically on air mess and seeing (Filippenko 1982), but only rough
estimates of the latter were recorded. Furthermore, the accuracy with
which the aperture is centered on the object, as well as the effective
wavelength of the image on the television screen used for guiding, are
important factors. Thus, we could not calculate exact corrections for
the data, and significant (~ + 0.1 mag) wuncertainty is present near
AA3300-3500 in G158-100, G157-34, and especially in G24-9, Dispersion
corrections at wavelengths longer than ~ 4000 X were small (£ 0,03 mag).

Uncertainties in the average extinction coefficients for Palomar
Observatory also decrease the accuracy of our calibrations, particularly

at UV wavelengths, Observations of the sdG secondary standards made at
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various air masses and checked for consistency, however, indicate that
errors are probably small ({ 0.01-0.02 mag) over most of the optical
window.

Considering all of the above sources of error, uncertainties
relative to A5400 in the smooth continuum of each star probably do not
exceed + 0.03-0.04 mag over the range AA4000-8000; a comparable error
exists in our knowledge of the absolute fluxes. The calibration is less
secure (+ 0,06-0.07 mag) outside these approximate limits, and in a few
cases errors at the extreme UV end (A3300) may be noticeably larger. It
would clearly be useful to determine the spectral distributions of these
stars with greater accuracy, but the data presented here are sufficient
for many observational programs, Other faint standards for large

optical telescopes will be published elsewhere.
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TABLE I

Faint Spectrophotometric Standard Stars

Star a(1950) 8(1950) Type® m(15400) p("/yt)b pAd Luyten (1957) Source
G158-100  00B31M22%  -12°24'4 546 14.87 . 0.24  136°  LTT 300 3
G138-31 16 25 30 +09 19.3 DA7 16.14 0.47 192 ceee 1
G24-9 20 11 29 +06 34.1 DQ7 15.72 0.63 203 ceoa 1
G157-34 23 11 51 -06 49.0 Das6 15.35 0.38 245 LIT 9427 2
GD-248 23 23 36 +15 43.8 DQ5? 15.08 0.10 210 PN 4
Sources: 1 = Giclas, Burnham, Thomas (1971)

2 = Giclas, Burnham, Thomas (1978)
3 = Giclas, Burnham, Thomas (1979)
4 = Giclas, Burnham, Thomas (1980)
Notes: 2From Greenstein (1984), unless otherwise stated in §III. The integer

represents an approximate temperature (50400/T).
bFron Luyten (1979), except for GD-248 (source 4).
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TABLE II

Contipuun A379 magnitude at selected wavelengths for five faint standards

z

Vavelength (1)

6158-100 G138-31 G24-9 G157-34 GD-248
1 3300 16.53¢s 17.08¢s 16.65%%¢ 15.78%¢ 15.21%¢
2 3400 16.41%s 17.00%= 16.570%%s 15.739+ 15.18*
3 3500 16.26%* 16.93¢+ 16.49% 15.69*+ 15.16%
4 3600 16.13+ 16.87* 16.40°* 15.66* 15.14
5 3700 16.01¢ 16.81¢ 16.319s 15.62# 15.13
6 3800 15.89+ 16.75 16.248+ 15.59 15.12
7 3900 15.78+ 16.68 16.18¢ 15.56 15.10
8 4000 15.67 16.62 16.12# 15.53 15.09
9 4100 15.58 16.57 16.06* 15.50 15.08
10 4200 15.49 16.52 16.02¢ 15.48 15.07
11 4300 15.41 16.47 15.98% 15.46 15.06
12 4400 15.35 16.42 15.94 15.44 15.06
13 4500 15.28 16.38 15.91 15.42 15.05
14 4600 15.22 16.35 15.88 15.41 15.05
15 4700 15.17 16.31 15.85 15.40 15.05
16 4800 15.12 16.28 15.82 15.39 15.05
17 4900 15.07 16.25 15.80 15.38 15.05
18 5000 15.03 16.22 15.78 15.37 15.06
19 5200 14.95 16.18 15.75 15.36 15.07
20 5400 14.87 16.14 15.72 15.35 15.08
21 5600 14.81 16.11 15.70 15.35 15.10
22 5800 14.76 16.10 15.68 15.35 15.11
23 6000 14.70 16.08 15.66 15.35 15.13
24 6200 14.66 16.07 15.65 15.36 15.15
25 6400 14.61 16.06 15.63 15.36 15.17
26 6600 14.57 16.05 15.62 15.37 15.19
27 6800 14.53 16.04 15.61 15.37 15.21
28 7000 14.50 16.03 15.61 15.38 15.23
29 7200 14.47 16.03 15.60 15.39 15.26
30 7400 14 .44 16.03 15.60 15.39 15.28
31 7600 14 .41 16.02 15.59 15.40 15.30
32 7800 14.39 16.02 15.59 15.41 15.32
33 8000 14.37 16.02 15.58 15.43 15.34
34 8200 14.35 16.03 15.58 15.44 15.36
35 8400 14.34 16.03 15.58 15.46 15.39
36 8600 14.32 16.03 15.58¢ 15.47 15.41¢
37 8800 14 .31+ 16.03 15.59¢ 15.49¢ 15.43¢
38 9000 14.30* 16.04 15.59+ 15.51¢* 15.45¢
39 9200 14.29¢ 16.04* 15.60* 15.52¢ 15.47+
40 9400 14.28¢ 16.04* 15.60* 15.54+* 15.50¢
41 9600 14.27% 16.05¢* 15.61%+ 15.56¢* 15.52+
42 9800 14.26°* 16.05¢ 15.61%+ 15.58¢ 15.54¢
43 10000 14.25%s 16.05%¢ 15.62% 15.59%¢ 15.56%¢

Notes: Absolute errors are ~ + 0.03 mag, except G24-9 and G157-34 (+ 0.05 mag).

Errors relative to
* Probable error
*¢ Probable error
$%% Probable error

35400 are ~ + 0.03-0.04 mag, unless marked otherwise.
relative to A5400 is ~ + 0.06 mag.
relative to 15400 is ~ + 0.09 mag.
relative to A5400 is ~ + 0.12 mag.
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FIGURE CAPTIONS

Figure 1: Finding charts (12' x 12') are given for the new standard
stars, North is at the top, and east to the left. The number and epoch
of each Palomar plate is as follows: G158-100 (E-1203, 1954); G138-31
(E-1372, 1955); G24-9 (E-805, 1953); G157-34 (E-306, 1951); GD-248

(E-320, 1951). Copyright 1960, National Geographic Society

— Palomar Sky Survey. Reproduced by permission of the California

Institute of Technology.

Figure 2: Spectra of faint spectrophotometric standards are shown, A
smooth curve (AA3240-10060), derived from MCSP observations, represents
the featureless continuum of each star, and filled circles correspond to
the values 1listed in Table II. Optical spectra having moderate
resolution demonstrate the presence of weak absorption 1lines. The

feature (B band) at ~ A6860 is due to atmospheric oxygen molecules.
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And thus we die,
Still searching, like poor old astronomers
Who totter off to bed and go to sleep

To dream of untriangulated stars,

Octaves, XI

Edwin Arlington Robinson



