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ABSTRACT
High-resolution J-band and K-band spectra of a sample of 33 Seyfert 2 galaxies are presented. Two of

these galaxies were also observed in the L band. These data are used to look for broad Pab, Brc, and
Bra lines, in search of broad-line regions (BLRs) that are hidden by dust at optical wavelengths.
Obscured BLRs are conÐrmed for three previously reported discoveries, and the new data suggest pos-
sible BLR detections in as many as six additional Seyfert 2Ïs. Our results are consistent with the stan-
dard torus model if the transition zone located between the optically thin ““ throat ÏÏ of the torus and the
optically thick core is rather extended. The dusty wind model of Ko� nigl & Kartje can also explain the
data.

Comparisons of the broad-line and narrow-line extinctions indicate that the BLRs are considerably
more obscured than the narrow-line regions (NLRs). This result agrees with the predictions of both the
torus and dusty wind models, where the dust is located between the NLR and the BLR. Comparisons of
the column depths to the BLRs with the column depths determined from X-ray data show a general
tendency for the objects with detected broad recombination lines to have lower X-ray columns. A large
scatter exists between the infrared and X-ray columns depths, however. Fluctuations in the properties of
the nuclear gas (e.g., metallicity or gas-to-dust ratio) or di†erences in the distributions of the ionized and
neutral gas components can easily account for this scatter.

The widths of broad Pab and Brc lie on the narrow end of the distribution for Seyfert 1 galaxies. The
dereddened broad Hb luminosities predicted from the broad infrared lines are similar to the broad Hb
luminosities of normal Seyfert 1Ïs, and so are the ratios of the hard X-ray Ñux to the predicted broad Ha
Ñux. In objects with a BLR detected through both infrared spectroscopy and spectropolarimetry, the
broad infrared lines often are an order of magnitude stronger than the values expected from the scat-
tered Ñux.

The infrared spectra were also used to assess the origin of the [Fe II] and emission in Seyfert 2H2galaxies. The present data rule out the possibility that the [Fe II] emission is produced solely from a
circumnuclear starburst. Shocks associated with nuclear outÑows are a likely source of both [Fe II] and

although photoionization by the nuclear continuum may also contribute to the [Fe II] emission, andH2,X-ray heating may play a role in producing the emission.H2
Subject headings : galaxies : ISM È galaxies : photometry È galaxies : Seyfert È infrared : galaxies È

X-rays : galaxies

1. INTRODUCTION

When it comes to active galaxies, appearance can some-
times be very deceiving. Over the last decade, evidence has
mounted that obscuring material near the cores of active
galaxies may conceal the true identity of some of these
objects (see, e.g., & Elvis Spectro-Lawrence 1982).
polarimetric studies have revealed that broad hydrogen
recombination lines similar to those in Seyfert 1 galaxies are
sometimes observed in the polarized, scattered light of gal-
axies that would otherwise be classiÐed as Seyfert 2 galaxies
(see, e.g., & Miller These data are bestAntonucci 1985).
explained if the broad-line regions (BLRs) near the centers
of these galaxies are hidden from direct view by optically
thick material lying along our line of sight, while Ðne par-
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ticles located above and below the obscuring mass distribu-
tion act as mirrors, scattering light from the BLRs into our
line of sight and allowing us to get an indirect peek at the
BLRs. In Seyfert 1 galaxies, on the other hand, our vantage
point in space is such that the line of sight to the BLR is not
signiÐcantly attenuated by this obscuring material. A gener-
alization of this idea to all Seyfert galaxiesÈthe so-called
Seyfert uniÐcation theoryÈpostulates that the viewing
angle is the only parameter of importance in determining
the appearance of all Seyfert galaxies. Much of the recent
work in the Ðeld of active galactic nuclei (AGNs) has con-
centrated on testing this theory.

The current spectropolarimetric data seem to fall short in
proving that all Seyfert 2 galaxies are actually ““ hidden
Seyfert 1 ÏÏ galaxies (see, e.g., & GoodrichMiller 1990 ; Tran,
Miller, & Kay Tran 1995a, Additional1992 ; 1995b, 1995c).
evidence in favor of the Seyfert uniÐcation theory comes
from the apparent deÐcit of ionizing photons in many
Seyfert 2 galaxies (see, e.g., Hani†, & WardWilson, 1988 ;

et al. Mulchaey, & WilsonKinney 1991 ; Storchi-Bergmann,
and the detection of extended anisotropic1992a)

““ ionization cones ÏÏ around several of these objects (see, e.g.,
et al. & TsvetanovUnger 1987 ; Pogge 1989 ; Tadhunter

et al. Wilson, &1989 ; Evans 1991 ; Storchi-Bergmann,
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Baldwin et al. & De Robertis1992b ; Wilson 1993 ; Pogge
& Tsvetanov and references therein).1993 ; Wilson 1994,

While these results argue for anisotropic continuum emis-
sion in Seyfert galaxies and are consistent with the idea of
aspect-dependent obscuration, they do not show that a
BLR exists in Seyfert 2Ïs ; therefore, these results do not
demonstrate that all Seyfert galaxies are fundamentally the
same.

Recent advances in infrared detector technology have
produced an efficient new tool in the study of AGNs: infra-
red spectroscopy. In contrast to spectropolarimetry, which
relies on the presence of a scattering region with large
enough covering factor and optical depth to provide an
indirect view of the deep interiors of AGNs, infrared spec-
troscopy can potentially penetrate the obscuring material
and allow us to see the BLRs directly. This technique has
proved very useful in the study of highly reddened BLRs in
intermediate Seyfert galaxies (1.8Ïs and 1.9Ïs ; Goodrich

et al. and has also had success Ðnding1990 ; Rix 1990)
obscured BLRs in some optically classiÐed Seyfert 2 gal-
axies (see, e.g., Ward, & WrightBlanco, 1990 ; Hines 1991 ;

Carleton, & Nishida Veilleux,Nakajima, 1991 ; Goodrich,
& Hill Rieke, & Schmidt In1994 ; Ruiz, 1994). Goodrich,
Veilleux, & Hill hereafter high-resolution(1994, Paper I),
(R\ 1260) and low-resolution (R\ 345 and 425) J-band
spectra of 15 Seyfert 2 galaxies were analyzed. The presence
of broad Pab j1.2818 emission was conÐrmed in three of
these objects (MCG [05-23-16 and Mrk 463E et[Blanco
al. as well as NGC 2992 et al. while two1990] [Rix 1990]),
others were considered possible candidates (Mrk 176 and
NGC 5728). The high resolution and high signal-to-noise
ratio (S/N) of these data allowed us to remove the narrow-
line Ñux from the total line Ñux accurately and unam-
biguously and hence to get a better idea of the reddening
a†ecting the BLR.

Given the relatively modest gain in optical depth by
going from Ha to Pab (a factor of only 3), the detection of as
many as three obscured BLRs out of 15 objects is rather
encouraging. Indeed, Pab only probes the very edge
(““ skin ÏÏ) of the obscuring mass distribution, where extinc-
tions are (see for a discussion of thisA

V
[ 11 Paper I

calculation), whereas Brc j2.1655 can probe to A
V

B 26,
and Bra j4.0512 to Notwithstanding the steeplyA

V
B 68.

rising 1È10 km continua of Seyfert galaxies and the
increased thermal background radiation at longer wave-
lengths, K-band and L -band observations should therefore
allow us to extend the reach of our probe signiÐcantly. The
present paper reports the results of such an attempt. High-
resolution K-band spectra centered on Brc were acquired
for 10 of the 15 galaxies included in (hereafter calledPaper I
the Spring Sample). L -band spectra centered on Bra were
also obtained for two of these objects (NGC 4388 and NGC
5506). Similar J-band and K-band data were obtained for
an additional set of 17 Seyfert 2 galaxies (Fall Sample) to
improve the statistical signiÐcance of our results.

The present paper is organized as follows. First, the tech-
niques used to acquire and reduce our data are described in

In the results of the new survey are presented and° 2. ° 3,
combined with those in to draw some general con-Paper I
clusions. The interpretation of these data is carried out in

The implications of our results for the Seyfert uni-° 4.
Ðcation theory are discussed in that section. The last part of

focuses on the much debated origin of the strong line° 4
emission from [Fe II] and The conclusions from ourH2.

study are summarized in along with a discussion of° 5,
potentially rewarding avenues of research. The emission-
line properties of each object are discussed in the Appendix,
with particular emphasis on the presence or absence of
broad components in the proÐles of the infrared hydrogen
recombination lines. We assume km s~1 Mpc~1H0\ 75
and throughout this paper.q0\ 0.5

2. OBSERVATIONS AND DATA ANALYSIS

All of the new data presented in this paper were taken
with CGS4 on UKIRT et al. A summary(Mountain 1990).
of the observations is presented in The procedureTable 1.
used to obtain these data is detailed in The 58] 62Paper I.
pixel Santa Barbara Research Corporation detector was
stepped 6 times along the spectrum by steps of pixel to13sample the data e†ectively and also to minimize the loss of
data from bad pixels. The spectra acquired in 1993 Decem-
ber and 1994 March/April were obtained with a 3A (1 pixel)
slit, a grating with 150 lines mm~1, and the short focal
length (150 mm, SFL) camera. This setup results in a spec-
tral resolution of about 1200 (i.e., 250 km s~1 in terms of
velocity resolution) in the J band, 1400 (i.e., 215 km s~1) at
K, and 1030 (i.e., 290 km s~1) at L . In 1994 September, we
used a (1 pixel) slit, a grating with 75 lines mm~1, and1A.5
the long focal length (300 mm, LFL) camera. The resolution
of these K-band spectra is about 670, or 450 km s~1. All of
the data were taken in sets of four observations (““ quads ÏÏ)
in which the object was moved back and forth between two
points along the slit 10 pixels apart (equivalent to with30A.8
the SFL camera and with the LFL camera).15A.4

Preliminary data reduction was done on Mauna Kea
using the standard UKIRT software. This includes bias
subtraction, Ñat-Ðelding, and interpolation across known
bad pixels. Subsequent reduction was done using VISTA, a
data reduction package developed at Lick Observatory.
Following the same procedure as in each quad wasPaper I,
reduced by subtracting the two observations of the object at
one slit position from the pair at the other slit position. This
e†ectively removed the sky, and no other sky subtraction
was found necessary. The seeing was generally much less
than 1 pixel, and therefore typically more than 75% of the
light of point sources was contained within a single row of
the detector. Since we are interested only in the central,
unresolved nucleus of Seyfert 2 galaxies, only the central
row of data was extracted. Mrk 1210 was the only exception
to this rule ; owing to centering errors, the J-band spectrum
of this galaxy was spread out over 2 pixels (see ° A29). The
internal photometric stability of the data, determined by
intercomparing each set of quads for a given object, was
found to be in most cases better than 25%. After removing
the ion hits, the intensity of each individual spectrum was
scaled to the brightest spectrum in the set and then aver-
aged together. This procedure should in principle improve
the photometric accuracy of our data. The ““ sawtooth ÏÏ
pattern due to di†erential slit losses between
““ subobservations ÏÏ taken at di†erent detector steps was
removed using a VISTA procedure described in Paper I.
The amplitude of this pattern was found to be 3%È5% for
the bright atmospheric and Ñux standards and typically less
than 1% for the galaxies.

Next, the data were wavelength calibrated using lamps of
argon and krypton and the OH sky lines in the galaxy
spectra. The OH line list of & MartelOsterbrock (1992)
adapted to interstellar (vacuum) conditions was used for



TABLE 1

LOG OF OBSERVATIONS : SPRING AND FALL SAMPLES

Spectral Exposure Resolution Spectral Aperture
Number Object Other Name Date Region (minutes) (j/*j) (arcsec)a

The Spring Sample

1 . . . . . . . . MCG [05-23-16 A0945È30 1992 Apr 11 J 56 1260 3.0 ] 3.0
1994 Apr 1 K 56 1400 3.0] 3.0

2 . . . . . . . . Mrk 3 . . . 1992 Mar 18 J 32 345 3.0 ] 3.0
1992 Mar 19 J 88 345 3.0 ] 3.0

3 . . . . . . . . Mrk 78 . . . 1992 Mar 21 J 120 345 3.0 ] 3.0
4 . . . . . . . . Mrk 176 . . . 1992 Apr 11 J 24 1260 3.0 ] 3.0

1994 Apr 1 K 24 1400 3.0] 3.0
5 . . . . . . . . Mrk 266SW NGC 5256SW 1992 Apr 11 J 48 1260 3.0] 3.0

1994 Apr 1 K 64 1400 3.0] 3.0
6 . . . . . . . . Mrk 266NE NGC 5256NE 1992 Apr 11 J 48 1260 3.0] 3.0
7 . . . . . . . . Mrk 463E . . . 1992 Apr 9 J 32 345 3.0 ] 3.0

1992 Apr 10 J 120 1260 3.0 ] 3.0
1994 Mar 31 K 32 1400 3.0] 3.0

8 . . . . . . . . Mrk 477 I Zw 92 1992 Apr 9 J 40 345 3.0 ] 3.0
1994 Apr 1 K 48 1400 3.0] 3.0

9 . . . . . . . . Mrk 1388 . . . 1992 Apr 11 J 96 1260 3.0 ] 3.0
10 . . . . . . NGC 2992 MCG [02-25-14 1992 Apr 10 J 60 1260 3.0 ] 3.0

Arp 245 1994 Mar 30 K 80 1400 3.0] 3.0
11 . . . . . . NGC 3081 IC 2529 1992 Apr 9 J 60 345 3.0 ] 3.0
12 . . . . . . NGC 4388 . . . 1992 Apr 10 J 60 1260 3.0 ] 3.0

1994 Mar 30 K 40 1400 3.0] 3.0
1994 Mar 30 L 66 1030 3.0 ] 3.0

13 . . . . . . NGC 5252 . . . 1992 Apr 9 J 64 345 3.0 ] 3.0
1994 Apr 1 K 48 1400 3.0] 3.0

14 . . . . . . NGC 5506 . . . 1992 Apr 10 J 32 1260 3.0 ] 3.0
1994 Mar 31 K 32 1400 3.0] 3.0
1994 Mar 30 L 72 1030 3.0 ] 3.0

15 . . . . . . NGC 5728 MCG [03-37-5 1994 Mar 31 K 24 1400 3.0] 3.0

The Fall Sample

16 . . . . . . Akn 79 . . . 1994 Sep 18 K 46 670 1.5 ] 1.5
1994 Sep 19 K 16 670 1.5 ] 1.5

17 . . . . . . ESO 428-G14 M4-1/MCG [05-18-2 1993 Dec 3 J 36 1200 3.0 ] 3.0
18 . . . . . . IC 5135 NGC 7130 1994 Sep 17 K 32 670 1.5 ] 1.5
19 . . . . . . Mrk 1 NGC 449 1994 Sep 18 K 40 670 1.5 ] 1.5

1994 Sep 19 K 8 670 1.5 ] 1.5
20 . . . . . . Mrk 348 NGC 262 1993 Dec 5 J 72 1200 3.0] 3.0

1994 Sep 17 K 64 670 1.5 ] 1.5
21 . . . . . . Mrk 403 . . . 1993 Dec 4 J 30 1200 3.0] 3.0
22 . . . . . . Mrk 533 NGC 7674 1993 Dec 5 J 48 1200 3.0] 3.0

Arp182 1994 Sep 18 K 40 670 1.5] 1.5
1994 Sep 19 K 8 670 1.5 ] 1.5

23 . . . . . . Mrk 573 UM 363 1993 Dec 5 J 60 1200 3.0] 3.0
1994 Sep 17 K 56 670 1.5 ] 1.5

24 . . . . . . Mrk 622 . . . 1993 Dec 4 J 48 1200 3.0] 3.0
25 . . . . . . Mrk 917 MCG]05-53-09 1994 Sep 18 K 32 670 1.5 ] 1.5

1994 Sep 19 K 8 670 1.5 ] 1.5
26 . . . . . . Mrk 1066 . . . 1993 Dec 5 J 24 1200 3.0] 3.0

1994 Sep 17 K 16 670 1.5 ] 1.5
27 . . . . . . Mrk 1073 MCG]7-7-37 1993 Dec 5 J 30 1200 3.0 ] 3.0

1994 Sep 18 K 40 670 1.5 ] 1.5
1994 Sep 19 K 24 670 1.5 ] 1.5

28 . . . . . . Mrk 1157 NGC 591 1994 Sep 18 K 32 670 1.5] 1.5
1994 Sep 19 K 8 670 1.5 ] 1.5

29 . . . . . . Mrk 1210 . . . 1993 Dec 3 J 72 1200 6.0] 3.0
1994 Mar 31 K 80 1400 3.0] 3.0

30 . . . . . . NGC 1068 M 77 1994 Sep 17 K 8 670 1.5 ] 1.5
31 . . . . . . NGC 2110 MCG [01-15-4 1993 Dec 3 J 36 1200 3.0] 3.0

1993 Dec 5 J 24 1200 3.0] 3.0
1994 Sep 17 K 32 670 1.5 ] 1.5

32 . . . . . . NGC 7172 . . . 1994 Sep 17 K 16 670 1.5 ] 1.5
33 . . . . . . NGC 7212 . . . 1994 Sep 18 K 36 670 1.5 ] 1.5

1994 Sep 19 K 16 670 1.5 ] 1.5

a This column lists the size of the spectral aperture, i.e. the width of the slit ] the width of the spectrum that was extracted for the analysis.
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this purpose. The atmospheric absorption features were
removed from the spectra of the galaxies using observations
of nearby early-type (B and A) and late-type (G, K, or M)
stars. Finally, the galaxy spectra were put on an absolute
Ñux scale using observations of Ñux standards from etElias
al. The absolute zero points used in this procedure(1982).
were those of et al. An attempt was alsoNeugebauer (1979).
made in some cases to remove the underlying stellar fea-
tures in the galaxy spectrum by subtracting o† the spectrum
of a ““ galaxy template ÏÏ obtained on the same run. The
spectra of the early-type galaxies NGC 1700 and NGC 3379
were used for this purpose.

The intensities of the emission lines in the reduced spectra
were determined using GAUSS, an interactive VISTA
program that removes the underlying continuum from the
data and Ðts analytic line proÐles. In most cases, the line
proÐles chosen were Gaussians. In a few cases, however, a
linear combination of a Gaussian and a Lorentzian of the
same FWHM and peak strength was found to Ðt the line
proÐles signiÐcantly better (see Appendix).

3. GENERAL RESULTS

The spectra obtained in the course of the new survey are
presented in Figures and The new K- and L -band1 2.
observations of the objects in the Spring Sample are pre-
sented in these objects were all part of our pre-Figure 1 ;
vious J-band survey the J-band spectra of these(Paper I ;
objects are not shown in presents the fullFig. 1). Figure 2
set of spectra on the objects in the Fall Sample. listsTable 3
the Ñuxes and line widths of the emission lines detected in
these spectra. Also listed in this table are the spectral
parameters derived in the intensities and linePaper I,
widths of Ha and Hb taken from the literature, and the
color excesses, E(B[V ), determined from the optical and
infrared emission-line Ñux ratios (discussed in more detail
below). No attempt was made to measure the strength of
the absorption features in our spectra. Our spectra do not
extend longward enough to include the CO Ðrst-overtone
feature at 2.3 km. The metal lines often observed in galaxies
(see, e.g., et al. et al. areGoldader 1995 ; Hawarden 1995)
weak in most of our objects. Emission from hot (500È2000
K) dust or from a power-law nonthermal continuum is the
likely cause for the weak equivalent widths of these features.

The J-band spectra of our sample galaxies are often char-
acterized by strong emission from Pab and [Fe II] j1.2567.
The [Fe II]/Pab ratios in our galaxies cover a broad range
from less than 1/3 to more than 5, with most of the objects
having F([Fe II])B F(Pab). The widths of the [Fe II] pro-
Ðles are signiÐcantly di†erent from those of Pab, which indi-
cates that the [Fe II] emission is produced in a di†erent
volume of gas than the Pab emission. The origin of the
[Fe II] emission in Seyfert galaxies will be discussed in
detail in below. The other feature present at 1.27114° 4.2
km in most of our spectra is [S III] j0.95321 from the
gratingÏs fourth-order spectrum (see The intensityPaper I).
of this feature is inaccurate and has not been tabulated in

The only other emission line detected with anyTable 3.
certainty in the J-band spectra of our Seyfert galaxies is He I

j1.27887. This feature often lies on the blue wing of Pab and
therefore complicates the search for broad Pab.

The K-band spectra of our sample galaxies are generally
dominated by strong Brc and 1È0 S(1) j2.121 emission.H2The intensity of j2.121 relative to Brc varies from toH2 D124. Weaker emission from 1È0 S(0) j2.223 is also visible inH2

some galaxies. As in the case of [Fe II], the widths of the H2emission-line proÐles are often signiÐcantly di†erent from
those of Brc, but they present no clear tendency to be sys-
tematically narrower or broader than that of Brc. The H2j2.121 luminosities in our sample galaxies range from
3 ] 1038 ergs s~1 to 3 ] 1040 ergs s~1. These luminosities
translate into hot masses of order 100È10,000 if theH2 M

_hot molecules are thermalized at T \ 2000 KH2 (Scoville
et al. The excitation processes responsible for the1982). H2emission in our Seyfert galaxies will be discussed in ° 4.3.

Weaker emission from He I j2.058 is also visible in some
galaxies. This emission line is produced through the tran-
sition of He I singlets from 2 1P to 2 1S. As a consequence,
the strength of the He I j2.058 emission in Seyfert 2 galaxies
is less a†ected by complex radiative transfer e†ects than the
other strong infrared He I line at 1.0830 km (see, e.g.,

et al. The He I j2.058/BrcOsterbrock 1989 ; Rudy 1989).
ratio basically reÑects the relative importance of UV
photons with energy greater than 24.6 and 13.6 eV (the
ionization potentials of helium and hydrogen, respectively).
This ratio therefore has a strong dependence on the spectral
shape of the ionizing radiation. The He I j2.058/Brc ratio
was measured in nine of our sample galaxies ; values range
from 0.16 to 0.61 with an average of 0.35. From equation (5)
of Puxley, & Joseph these values of He IDoyon, (1992),
j2.058/Brc imply that the production rate of ionizing
photons with energies above 24.6 eV represents 3%È10% of
the total ionization rate. This result suggests a steeper spec-
tral energy distribution than generally assumed in Seyfert 2
galaxies (e.g., & Osterbrock derived a B 1.4,Ferland 1986
implying a relative proportion of ionizing photons with
energies between 24.6 and 1,000 eV above 50%). This con-
clusion should be treated with caution since the He I j2.058/
Brc ratio is not simply a function of the hardness of the
ionizing radiation Ðeld but also depends on the detailed
geometry of the ionized gas, its density, the dust content, the
velocity structure, and helium abundance (Shields 1993).

Listed in columns (12), (13), and (14) of are theTable 3
reddenings to the narrow-line regions determined from the

and ratios and assuming theHa
n
/Hb

n
, Pab

n
/Ha

n
, Brc

n
/Ha

nintrinsic ratios and interstellar extinction coefficients listed
in Disagreement between the various E(B[V ) for aTable 2.
given object may have a number of causes. First, the intrin-
sic line ratios may di†er from those adopted. Here, we

TABLE 2

INTRINSIC FLUX RATIOS AND EXTINCTION

COEFFICIENTS

Line j(km) F/FHb Aj/E(B[V )
(1) (2) (3) (4)

Hb . . . . . . 0.4861 1.00 3.615
Ha . . . . . . . 0.6563 3.10 2.45
Pac . . . . . . 1.0938 0.090 1.100
Pab . . . . . . 1.2818 0.162 0.83
Paa . . . . . . 1.8751 0.332 0.44
Brc . . . . . . 2.1655 0.0275 0.35
Bra . . . . . . 4.0512 0.0779 0.134

NOTE.ÈCol. (1) : Line identiÐcation. Col. (2) :
Wavelength. Col. (3) : Intrinsic Ñux ratio relative
to Hb assuming Case B recombination with
T \ 104 K and cm~3N

e
\ 104 (Osterbrock

The Ha/Hb ratio takes into account col-1989).
lisional e†ects (see Col. (4) : Extinction coeffi-° 3).
cient from and & LebofskyWhitford 1958 Rieke
1985.
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FIG. 1.ÈReduced K- and L -band spectra of the Spring is plotted vs. The units of the vertical axis are 10~11 ergs s~1 cm~2 km~1,SampleÈfj jobserved.while the wavelength scale is in km.

assumed Case B recombination for all the line ratios with
the exception of where possible collisional e†ectsHa

n
/Hb

n
,

were taken into account & Netzer(Table 2 ; Ferland 1983 ;
& Steiner & FerlandHalpern 1983 ; Gaskell 1984 ; Gaskell

et al. Second, dust scattering may be1984 ; Binette 1990).
important if the dust is mixed in with the narrow line gas.
This e†ect will preferentially enhance Hb relative to the
lines at longer wavelengths. The values of the reddening
listed in are strictly valid only if dust acts as aTable 3
discrete absorbing screen in front of the line-emitting
region. Third, absorption features from the underlying

stellar continuum may a†ect the emission-line spectrum of
some objects. Fourth, di†erential slit loss, seeing, centering
errors, and guiding e†ects may a†ect the andPab

n
/Ha

nratios. This is particularly relevant in objects thatBrc
n
/Ha

nare nearby and are known to have extended NLRs. If any of
these objects were observed through the smaller 1A.5 ] 1A.5
aperture, the Ñux of may be underestimated relative toBrc

nthat of which results in an underestimate of theHa
n
,

reddening derived from This e†ect may explainBrc
n
/Ha

n
.

the anomalously small reddenings found inBrc
n
/Ha

nseveral Fall targets. Finally, discrepancies between the
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FIG. 1ÈContinued

various E(B[V ) may also reÑect real di†erences in dust
columns. The infrared lines may be produced in a highly
reddened portion of the NLR that is simply not visible at
optical wavelengths. This e†ect may explain the small
amounts of reddening determined from in MrkHa

n
/Hb

n266NE, Mrk 533, NGC 3081, NGC 5506, and IC 5135.

4. DISCUSSION

4.1. Implications for the Seyfert UniÐcation T heory
Among our sample of 33 optically classiÐed Seyfert 2

galaxies, the presence of broad (FWHM B 2000 km s~1)
infrared hydrogen recombination lines is conÐrmed in
MCG [05-23-16, Mrk 463E, and NGC 2992. Broad-line
emission may also be present in the Pab proÐle of Mrk 176,
Mrk 348, Mrk 1210, NGC 2110, and NGC 5728 and in the
Brc proÐle of Mrk 348, Mrk 477, Mrk 1210, and NGC 2110.
The broad-line emission in these objects is interpreted as
evidence for obscured high-density BLRs based on (1) the
absence of broad wings in the proÐle of the forbidden
[Fe II] j1.257 and j2.122 line or (2) the lack of observ-H2ational evidence for powerful high-velocity (D2000 km s~1)
outÑows in these objects (see references in In NGC° 4.3).
5506, however, we detected highly reddened wings that
become more readily visible at longer wavelengths but
found no evidence for a genuine high-density BLR.

Of the 33 objects studied here, at least eight have broad
Balmer lines in polarized light (Mrk 3, Mrk 348, Mrk 463E,
Mrk 477, Mrk 533, Mrk 1210, NGC 1068, and NGC 7212 ;

and references therein), while two other objectsTran 1995a
are considered potential candidates (Mrk 266SW and Mrk
573 ; Combining the results from spectro-Kay 1994).
polarimetry and infrared spectroscopy, perhaps as many as
40% of the Seyfert 2 galaxies in our sample harbor a BLR.

Spectropolarimetric studies indicate that hidden Seyfert 1
galaxies do not di†er signiÐcantly from the ““ normal ÏÏ
Seyfert 1Ïs & Goodrich It is(Miller 1990 ; Tran 1995a).

therefore natural to ask whether the obscured broad-line
regions detected through infrared spectroscopy also have
properties that are similar to the BLRs detected in polarized
light or the BLRs in normal Seyfert 1Ïs. From theTable 3,
widths of the broad components to Pab and Brc range from
D1000 to 4500 km s~1 with an average value of approx-
imately 2000 km s~1. These line widths lie on the narrow
end of the distribution for Seyfert 1 galaxies (see, e.g.,

The infrared lines areOsterbrock 1977 ; Goodrich 1989).
also systematically narrower than the lines detected in pol-
arized light. Note, however, that the sensitivity of our
observations to very broad km s~1) emission fea-(Z5000
tures is rather poor owing to the fairly high spectral
resolution of our spectra and the presence of several stellar
absorption features that complicate the interpretation of the
data. Nevertheless, the broad component detected at Pab or
Brc in these objects often is an order of magnitude stronger
than the value expected from the scattered Ñux assuming
Case B recombination (see Only a small fractionAppendix).

of the total broad-line Ñux is therefore seen in([10%)
scattered light.

It is also interesting to compare the dereddened broad-
line luminosities of the obscured BLRs with those of normal
Seyfert 1Ïs. Unfortunately, Ðrm estimates of the broad-line
extinction exist for very few objects in our sample. This
exercise was carried out only for MCG [05-23-16, NGC
2110, and NGC 2992. In NGC 2992, we used the visual
extinction derived from the J-band and K-band spectra

see while the BLR extinc-[A
V
(J) BA

V
(K)B 8 ; Table 5],

tions of MCG [05-23-16 and NGC 2110 were estimated
from the X-ray column depths (see and discussionTable 5
of the caveats below). Using the broad-line Pab Ñuxes and
the extinction coefficients of Table 2, L (Hb

b
)0B 4 ] 1043

ergs s~1, \6 ] 1041 ergs s~1, and 3 ] 1041 ergs s~1 for
MCG [05-23-16, NGC 2110, and NGC 2992, respectively.
These values are similar to the broad Hb luminosities of
normal Seyfert 1Ïs (1041È1043 ergs s~1 ; Keel, &Blumenthal,
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FIG. 2.ÈReduced J- and K-band spectra of the Fall is plotted vs. The units of the vertical axis are 10~11 ergs s~1 cm~2 km~1, whileSampleÈfj jobserved.the wavelength scale is in km.

Miller Moreover, the ratios of the hard X-ray Ñux to1982).
the dereddened broad Ha Ñux in MCG [05-23-16 (D2),
NGC 2110 and NGC 2992 (D8) are typical of unre-([2),
ddened Seyfert 1 galaxies (D7 ; see, e.g., et al.Ward 1987).

These results are consistent with the idea that at least
some Seyfert 2Ïs are simply Seyfert 1Ïs seen from an angle at
which their central regions are obscured from our direct
view by optically thick material. The obscuring mass dis-
tribution can take several forms : it may be geometrically
thick like a torus & Begelman & Krolik(Krolik 1986 ; Pier

or like a sphere with evacuated biconical regions at1992a)

the poles & Kartje Goodrich, & DePoy(Ko� nigl 1994 ; Hill,
or it may be geometrically thin but strongly warped1996),

et al. The infrared data can in(Phinney 1989 ; Sanders 1989).
principle help us distinguish between these various pos-
sibilities since the optical obscuration due to dust is not
expected to be of the same magnitude and have the same
dependence on polar angle for these models. In the radi-
ation pressureÈsupported molecular torus model of &Pier
Krolik the visual extinction is expected to increase(1992a),
rapidly beyond the opening angle of the torus, reachingh

c
,

values perhaps as large as D1000 mag when the torus is
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viewed edge-on. A sharp increase in dust extinction is also
predicted in the warped disk model when the line of sight
starts intercepting the dusty disk, unless the distribution of
the molecular gas in the disk is patchy. In this case,
however, the thin geometry of the obscuring material is
unlikely to produce visual extinction much larger than
D100 mag. The extinction proÐle in the wind model of

& Kartje depends somewhat on the impor-Ko� nigl (1994)
tance of the magnetic Ñux relative to the mass Ñux and on
the speciÐc angular momentum. In the set of simulations
that best reproduce the opening angle of the obscuring
material in Seyfert galaxies, Ko� nigl & Kartje Ðnd that isA

V

a relatively smooth function of the polar angle, increasing
from 1 to 50 mag when the polar angle changes from D40¡
to 70¡ and that it never reaches values much larger than 100
mag except when the dusty wind is viewed nearly edge-on
(h [ 80¡ ; see Fig. 5 of & KartjeKo� nigl 1994).

lists estimates of the visual extinctions toward theTable 5
BLRs in our sample galaxies. In only one galaxy (NGC
2992) was it possible to derive reddenings directly from the
measured strengths of broad Ha, Pab, and Brc. For galaxies
with detected broad Pab and/or Brc but no obvious broad
Ha, the intensity of broad Ha was assumed not to be more
than one-Ðfth of the observed narrow Ha Ñux. The only
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exception to this rule of thumb is NGC 2110, where a con-
servatively high upper limit of one-half the narrow Ha Ñux
was used. Finally, lower limits to in objects with onlyA

Vupper limits to broad Pab, Brc, or Bra were derived using
the method described in (giving for Pab,Paper I A

V
[ 11

[26 for Brc, and [68 for Bra). The intrinsic ratios assumed
for the calculations are listed in These values of theTable 2.
extinction may be compared with those derived from X-ray
measurements, (see Since mea-A

V
(X-ray) Table 5). A

V
(IR)

sures the extinction due to dust while measuresA
V
(X-ray)

the strength of absorption edges associated with oxygen or
iron ions, these values will not necessarily agree. The

ratio will depend not only on the dust-to-A
V
(IR)/A

V
(X-ray)

gas ratio and the metallicity of the gas but also on the
detailed distribution of the ionized component with respect
to the neutral component. For example, in the highly strati-
Ðed wind model of & Kartje the warm dust-Ko� nigl (1994),
free inner region of the wind is likely to dominate the X-ray
opacity at all but very large h see their Fig. 6). This([80¡ ;
model can therefore naturally explain the existence of
objects in which the nuclear X-rays are strongly absorbed
but the BLR is directly observable (see, e.g., &Nandra
Pounds et al. Turner et al.1992 ; Nandra 1993 ; 1993a,

et al. Note also that gas between the1993b ; Fiore 1993).
BLR and the nuclear source is not accounted for in A

V
(IR)

but is in A
V
(X-ray).
displays the values of as a function ofFigure 3 A

V
(IR)

for our sample galaxies. We conÐrm the slightA
V
(X-ray)

tendency for the objects with broad Pab and Brc to have the

FIG. 3.ÈBroad-line extinctions determined from the infrared spectra as
a function of the extinctions derived from the X-ray column depths. The
broad-line extinctions were determined from (a) (b)Pab

b
/Ha

b
; Brc

b
/Ha

b
.

The numbers identify individual objects following the order in TheTable 1.
solid lines represent the equality lines. Mrk 3 lies at position (319, inZ11)
the top Ðgure.

lowest X-ray column depths (see This statement isPaper I).
based on only a few objects, and it therefore needs to be
conÐrmed when infrared spectra with high S/N become
available for a larger number of Seyfert 2 galaxies. Con-
sidering the large uncertainties in the X-ray and infrared
measurements, the X-ray extinctions do not show any sig-
niÐcant trend to be systematically larger than the infrared
BLR extinctions. In fact, the opposite seems to be true in
NGC 1068, NGC 2992, NGC 5506, and MCG [05-23-16.
In NGC 1068, the observed X-rays are almost certainly not
seen through the torus but instead represent a scattered
component ; the same phenomenon may be taking place in
NGC 2992, NGC 5506, and MCG [05-23-16, and even
perhaps in other galaxies Mushotzky, &(Mulchaey,
Weaver If that is the case, is not a good1992). A

V
(X-ray)

measure of the extinction towards the nucleus, and only
should be considered for this purpose.A

V
(IR)
Mid-infrared data also exist for six objects in our sample.

We list in column (7) of the visual extinctions to theTable 5
10 km source derived from the strength of the 9.7 km silicate
feature, The value of the ratio isA

V
(9.7). A

V
(9.7)/q(9.7)

known to vary in our Galaxy according to the metallicity of
the medium & Aitken The ratio used in(Roche 1985). Table

is intermediate between that in solar neighborhood and5
that along the line of sight to the galactic center et(Roche
al. The value of is either similar to or lower1986). A

V
(9.7)

than It is important to use caution when inter-A
V
(IR).

preting the values of since the use of the 9.7 kmA
V
(9.7)

silicate feature as a measure of the extinction in Seyfert
galaxies has been put into question by a number of
researchers. For instance, Pier & Krolik argue(1992b, 1993)
that the strength of 9.7 km feature depends on orientation,
with a possible tendency for absorption features to be more
prominent in edge-on tori than in face-on tori. The silicate
feature is sometimes seen in emission in some Seyfert gal-
axies and is clearly not a good measure of the extinction in
those cases. The extinctions based on the silicate feature
should therefore be considered only illustrative.

The possibly important fraction of Seyfert 2Ïs in our
sample with detected broad near-infrared lines (perhaps as
large as D25%) suggests that partially obscured Seyfert 2
galaxies are not uncommon. These objects are easy to
explain in the context of the molecular torus model of Pier
& Krolik if one postulates that the ““ skin ÏÏ of the(1992a)
torusÈthe transition zone between the optically thin
““ throat ÏÏ of the torus and the optically thick coreÈis
extended and devoid of dust. This slight modiÐcation to the
standard torus model would also explain the existence of
““ intermediate ÏÏ Seyferts (1.8Ïs and 1.9Ïs) in which faint opti-
cally detected BLRs present large reddenings (2[A

V
[ 5 ;

see and references therein for a completeGoodrich 1995
discussion). Careful calculations of the space densities of
these intermediate Seyferts relative to Seyfert 1Ïs and 2Ïs
imply that the region of intermediate optical depth extends
over the range of polar angles &35¡ [ h [ 55¡ (Osterbrock
Shaw & Martel & Rieke1988 ; Osterbrock 1993 ; Maiolino

As pointed out by & Kartje these1995). Ko� nigl (1994),
results can easily be explained in the dusty wind model (see
their Fig. 5).

In contrast, the thin warped disk model of quasars seems
to run into a number of problems when applied to Seyfert
galaxies. The large X-ray column densities and/or the lack
of broad lines at Bra in some of our sample galaxies (e.g.,
Mrk 3 and NGC 4388) suggest the existence of highly opti-
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cally thick material in at least some Seyfert 2(A
V

[ 50)
galaxies. The large X-ray columns detected in NGC 4507
and IRAS 18325[5962 would also place them in this cate-
gory (see, e.g., et al. Such large column depthsAwaki 1991).
are difficult to explain with a thin warped disk. The exis-
tence of a kiloparsec-scale, nonaxisymmetric disk in Seyfert
galaxies also seems inconsistent with the observed morphol-
ogy and size of the projected ionization cones.

The present data can be used to put constraints on the
location of the dust producing the reddening observed in
the BLR. To address this issue, the broad-line extinctions,
or their lower limits, are compared with the narrow-line
extinctions listed in Tables and The narrow-line extinc-3 4.
tions are at least 1 mag smaller than the broad-line extinc-
tions, even when using conservatively high values of the
narrow-line extinctions (see and The largerTable 5 Fig. 4).
extinction to the BLR places the majority of the dust
between the NLR and BLR, or mixed in with the BLR
(although this second possibility is considered less likely
based on theoretical arguments ; see, e.g., & DraineLaor

& Laor A similar conclusion was1993 ; Netzer 1993).
reached by based on intermediate SeyfertGoodrich (1995),
variability timescales, and by et al. using infra-Hill (1996),
red spectra of radio galaxies. These results are consistent
with the torus and dusty wind models but are more difficult
to explain with a thin warped disk.

4.2. [Fe II] Emission
The ionization potentials of neutral and singly ionized Fe

are 7.87 and 16.16 eV, respectively. [Fe II] emission is there-
fore produced predominantly in regions in which hydrogen
is only partially ionized. These zones are virtually absent in
ordinary H II regions, where the transition between fully
ionized and neutral hydrogen gas is very sharp. Yet, many
starburst galaxies present strong [Fe II] emission (see, e.g.,
Mouri et al. Moorwood & Oliva1990, 1993 ; 1988, 1990 ;

et al. et al. ThereKawara 1988 ; Colina 1993 ; Puxley 1994).
is a growing consensus that the [Fe II] emission in these
objects is produced in the cooling tails of supernova rem-
nants (SNRs). Detailed studies of a few nearby starbursts

TABLE 4

L -BAND LINE MEASUREMENTS

E(B[V )
n

OBJECT Bra
n

Bra
b

Ha/Hb Pab/Ha Brc/Ha Bra/Ha
(1) (2) (3) (4) (5) (6) (7)

NGC 4388 . . . . . . 8.54 . . . 0.58 1.10 0.75 1.14
416 . . .
298 . . .

NGC 5506 . . . . . . 31.6 . . . 0.82 2.61 1.91 1.71
605 . . .
531 . . .

NOTE.ÈFor each emission line of each object, we list the observed line
Ñux in 10~14 ergs s~1 cm~2 on the Ðrst row, the observed line width in km
s~1 on the second row, and the line width corrected for the instrumental
resolution in km s~1 on the third row. Col. (1) : Name of object. Cols.
(2)È(3) : Line Ñuxes and line widths for narrow Bra and broad Bra, respec-
tively. Cols. (4)È(7) :Narrow-line color excesses derived using

E(B[V )
Aline 2

line 1

B
\

2.5

[A1/E(B[V )]][A2/E(B[V )]
log
C (F2/F1)
(F2/F1)0

D

with the intrinsic Ñux ratios and interstellar extinction coefficients listed in
Table 2.

FIG. 4.ÈBroad-line extinctions as a function of the maximum narrow-
line extinctions. The broad-line extinctions were determined from (a)

(b) The numbers identify individual objects followingPab
b
/Ha

b
; Brc

b
/Ha

b
.

the order in The solid lines represent the equality lines.Table 1.

indicate a direct spatial coincidence between the sites of
[Fe II] and 6 cm radio emission (see, e.g., et al.Lester 1990 ;

et al. et al. et al.Clegg 1991 ; Greenhouse 1991 ; Forbes
van der Werf et al. 1993 ; & Ward1993 ; Forbes 1994).

Photodissociation regions are probably responsible for only
a small fraction of the total [Fe II] emission in these objects

et al. see Hollenbach, & Tielens(Mouri 1993 ; Burton, 1990,
however).

The origin of the strong [Fe II] emission in AGNs is more
ambiguous. A number of processes may contribute to the
emission in these galaxies : (1) X-rays from the central
source may produce extensive partially ionized regions in
NLR clouds of high optical depths ; (2) starburst activity
may be taking place in or near the nucleus of these galaxies ;
(3) the interaction of radio jets with the surrounding
medium may induce shocks and produce partially ionized
cooling tails. An excellent way to di†erentiate between these
various processes is to compare the spatial distributions of
[Fe II] and radio emission. One of the few Seyfert galaxies
imaged to date at these wavelengths is NGC 1068 et(Blietz
al. In this object, the morphology of the [Fe II] emis-1994).
sion correlates with that of the radio jet, supporting sce-
nario (3). Evidence for jetlike radio emission exists in most
of our sample galaxies. However, without spatial informa-
tion on the [Fe II] emission, it is difficult to say whether
jet-induced shocks are sufficiently widespread in our gal-
axies to explain the strong [Fe II] emission.

Until [Fe II] maps become available for our sample gal-
axies, we therefore have to rely on the strength and proÐle
of the integrated nuclear [Fe II] line emission to determine
the origin of [Fe II]. In the pure starburst scenario, the
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TABLE 5

X-RAY AND INFRARED OPTICAL DEPTH ESTIMATES IN SEYFERT 2 GALAXIES

Object log NH A
V
(X-ray) A

V
(J0) A

V
(K) A

V
(L ) A

V
(9.7) A

V
(NLR)max References

(1) (2) (3) (4) (5) (6) (7) (8) (9)

MCG [05-23-16 22.14~0.08`0.08 6.2 Z7 Z6 . . . 6 6.0 2, 4
Mrk 3 23.85~0.10`0.10 319 Z11 . . . . . . . . . 2.2 1
Mrk 78 . . . . . . Z11 . . . . . . . . . 2.2 . . .
Mrk 176 . . . . . . Z6 : :a . . . . . . 2.2 . . .
Mrk 266SW . . . . . . Z11 Z26 . . . . . . 4.1 . . .
Mrk 266NE . . . . . . Z11 . . . . . . . . . 5.1 . . .
Mrk 463E . . . . . . Z10 Z6 . . . . . . 2.3 . . .
Mrk 477 . . . . . . Z11 Z3 . . . . . . 1.9 . . .
Mrk 1388 . . . . . . Z11 . . . . . . . . . 2.2 . . .
NGC 2992 21.37~0.30`0.23 1.1 D8 D8 . . . 3 2.4 2, 4
NGC 3081 . . . . . . : : . . . . . . . . . 4.4 . . .
NGC 4388 23.32~0.47`0.37 94 Z11 Z26 Z68 . . . 3.5 3
NGC 5252 . . . . . . . . . . . . . . . . . . . . . . . .
NGC 5506 22.44~0.07`0.08 12.4 Z11 Z26 Z68 20 8.1 2, 5
NGC 5728 . . . . . . : : . . . . . . . . . 1.9 . . .
Akn 79 . . . . . . . . . : : . . . . . . 2.9 . . .
ESO 428-614 . . . . . . Z11 . . . . . . . . . 1.2 . . .
IC 5135 . . . . . . . . . Z26 . . . . . . 3.4 . . .
Mrk 1 . . . . . . . . . Z26 . . . . . . 1.9 . . .
Mrk 348 23.00~0.10`0.10 45 Z11 Z26 . . . 0 2.1 1, 5
Mrk 403 . . . . . . Z11 . . . . . . . . . 2.5 . . .
Mrk 533 \22.9 \36 Z11 Z26 . . . 4 4.0 1, 4
Mrk 573 . . . . . . Z11 Z26 . . . . . . 1.8 . . .
Mrk 622 . . . . . . Z11 . . . . . . . . . 5.2 . . .
Mrk 917 . . . . . . . . . Z26 . . . . . . 3.4 . . .
Mrk 1066 . . . . . . Z11 Z26 . . . . . . 3.7 . . .
Mrk 1073 . . . . . . Z11 Z26 . . . . . . 4.0 . . .
Mrk 1157 . . . . . . . . . Z26 . . . . . . 1.9 . . .
Mrk 1210 . . . . . . Z5 Z4 . . . . . . 1.5 . . .
NGC 1068 \22.0 \4.5 Z11 Z26 Z68b 8 1.2 1, 5
NGC 2110 22.44~0.55`0.31 12.4 Z4 Z3 . . . ¹11 2.7 2, 5
NGC 7172 . . . . . . . . . : : . . . . . . Z2.5 . . .
NGC 7212 . . . . . . . . . Z26 . . . . . . 1.5 . . .

NOTE.ÈCol. (1) : Object name. Col. (2) : E†ective neutral column density derived from either Ginga, SL 2 XRT (NGC 4388),
or HEAO data, with the former source being preferred when available. Col. (3) : Extinction derived using the empirical
relationship of between the visual extinction and column densities in sources in our own Galaxy. Col. (4) :Gorenstein 1975
Extinction determined from the ratio of the broad components in Pab and Ha assuming Case B recombination and A

V
\ 3.1

E(B[V ). Col. (5) : Extinction determined from the ratio of the broad components in Brc and Ha assuming Case B recombi-
nation and E(B[V ). Col. (6) : Extinction determined from the ratio of the broad components in Bra and Ha assumingA

V
\ 3.1

Case B recombination and E(B[V ). Col. (7) : Extinction determined from the depth of the 9.7 km silicate feature usingA
V

\ 3.1
and a simple power-law Ðt to the continuum. Col. (8) : Conservatively high value of the extinction towardA

V
(9.7km)\ 15 q9.7the narrow-line region determined from the color excesses listed in Tables and and assuming E(B[V ). Col. (9) :3 4 A

V
\ 3.1

References to the X-ray and 9.7km data.È(1) et al. (2) & Roche (3) et al. (4) etTurner 1991 ; Aitken 1985 ; Awaki 1991 ; Hanson
al. (5) et al.1990 ; Roche 1984.

a Double colons mean that the intensity of the broad component of this hydrogen recombination line is too uncertain to
derive an extinction.

b From the absence of broad Bra in the spectra of DePoy 1987.

emission from [Fe II] is produced through shocks in super-
nova remnants and is therefore regulated by the supernova
rate, while the hydrogen recombination lines are produced
by photoionization and relate mostly to the content of
massive, young, and unevolved main-sequence hot stars
(see, e.g., & Oliva The ratio of [Fe II]Moorwood 1988).
emission relative to hydrogen recombination line emission
is thus very sensitive to changes in the IMF slope and on
the upper mass limit. Detailed calculations by Colina (1993)
have shown, however, that the starburst scenario has diffi-
culties explaining [Fe II] j1.64/Brc larger than D1.4 or,
equivalently, [Fe II] j1.257/Pab larger than D0.4. Most of
our sample galaxies have [Fe II]/Pab ratios that lie above
this limit. This result suggests that circumnuclear starbursts
are not the main source of [Fe II] emission in our Seyfert
galaxies.

In we tentatively conÐrmed the existence of aPaper I,
correlation between [Fe II]/Pab and [O I] j6300/Ha in
AGN and starburst galaxies et al. The com-(Mouri 1990).

plete data set on our Seyfert 2 galaxies is plotted in Figure 5
along with the data of Mouri et al. The references to the
optical line ratios in the Seyfert 2 galaxies are listed in Table

Only the narrow components of Pab and Ha were used6.
for this analysis. Once again, a correlation between [Fe II]/
Pab and [O I] j6300/Ha is detected, but this correlation is
only marginal within the class of AGNs. Among the Seyfert
2 galaxies of our sample, the probability, P[null], that this
correlation is fortuitous is roughly 1%. As discussed in

the correlation in trivially implies thatPaper I, Figure 5
both [O I] and [Fe II] emission come from partially ionized
regions but does not help us discriminate between the
various processes responsible for the existence of these
regions. The lack of correlation between the line widths of
[Fe II] j1.2567 and Pab noted in (or between the line° 3
widths of [Fe II] and Ha ; is further evidence that theFig. 6)
[Fe II] lineÈemitting region does not coincide with the fully
ionized narrow-line region producing the hydrogen recom-
bination lines.
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FIG. 5.È[Fe II] Ñux ratios as a function of [O I]j1.2567/Pab
nÑux ratios. The Ðlled circles are the data from the present paper.j6300/Ha

nThe other symbols are from the compilation of et al. CirclesMouri (1990).
are AGNs, crosses are supernova remnants, triangles are composite
systems that show evidence for both AGNs and starburst activity, and
stars are starburst galaxies, except for the data point at the lower left,
which is the Orion Nebula. A correlation is observed among the whole
sample but is barely signiÐcant when only AGNs are considered.

In the photoionization scenario, one might expect a
correlation between the [Fe II] emission and the X-ray Ñux
emitted from the active nuclei. Using the X-ray Ñuxes listed
in neither the soft (0.2È4 keV) nor the hard (2È10Table 6,
keV) X-ray components of our sample galaxies correlate
signiÐcantly with the strength of [Fe II] (Fig. 7 ; P[null]Z

4%). However, this lack of correlation does not allow us to
discard scenario (1) since, strictly speaking, the [Fe II] emis-
sion produced through photoionization is expected to cor-
relate only with the soft X-ray Ñux incident on the NLR
clouds, not with the X-ray component that reaches the tele-
scope. The absence of a correlation might simply reÑect
variations in the e†ective covering factor from one galaxy to
the next. Indeed, the fact that the [Fe II] emission increases
with increasing far-infrared emission may indicate(Fig. 8)
that the strength of the [Fe II] feature is related to the
fraction of the radiation emerging from the nucleus that is
absorbed and reprocessed by nearby optically thick clouds.

As Ðrst pointed out by & Ward perhaps aForbes (1993),
more serious hurdle for the photoionization hypothesis is
the fact that the [Fe II] emission in both starbursts and
AGNs follow a similar relation with radio emission. This
correlation is present for both the 20 cm and 6 cm radio
Ñuxes P[null]\ 0.004% and 0.009%, respectively)(Fig. 9 ;
and implies a close relationship between the source of the
synchrotron emission and the source of the [Fe II] emission.
Fast shocks induced by the interaction of material out-

FIG. 6.ÈLine widths of narrow Ha as a function of line widths of [Fe II]
j1.2567. The solid line represents the equality line. The numbers identify
individual objects following the order in No correlation is present,Table 1.
which suggests that these lines originate in a di†erent volume of gas.

FIG. 7.ÈX-ray Ñuxes as a function of [Fe II] j1.2567 Ñuxes. (a) 0.2È4
keV; (b) 2È10 keV. The numbers identify individual objects following the
order in Table 1.
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FIG. 8.ÈFar-infrared Ñuxes as a function of [Fe II] j1.2567 Ñuxes. The
numbers identify individual objects following the order in Table 1.

FIG. 9.ÈRadio Ñuxes as a function of [Fe II] j1.2567 Ñuxes. (a) 20 cm;
(b) 6 cm. The numbers identify individual objects following the order in

A correlation is observed in both Ðgures.Table 1.

Ñowing from the nucleus and colliding with the ambient gas
(scenario [3]) can explain this correlation. In contrast, no
direct relationship between the radio emission and the low-
ionization line emission is expected in scenario (1). Studies
at optical wavelength may provide a solution to this
problem, however. For many years now, a correlation
between the optical [O III] j5007 emission and the radio
power has been known to exist (see, e.g., & WillisWilson

These data are often explained with hybrid models in1980).
which the radio emission is produced through shocks and
the line emission is produced in postshock gas that is kept
ionized by the nuclear UV continuum et al.(Whittle 1988 ;

Dyson, & Axon see, however,Taylor, 1992 ; Veilleux 1991c ;
& Sutherland It is possible that similar pro-Dopita 1995).

cesses can explain the correlation between [Fe II] and radio
emission.

Difficulties with pure shock models also exist. First, it is
not clear whether the [Fe II]/Pab ratio produced through
shocks is sufficiently large to simulate the ratios in our
Seyfert 2 galaxies. As discussed earlier, typical shocks in
SNRs seem to underproduce [Fe II] relative to Pab. We are
not aware of any published attempts to determine the
[Fe II]/Pab ratio from shocks induced by nuclear outÑows.
If outÑow-induced shocks are to explain the [Fe II] emis-
sion in Seyfert 2 galaxies, one must also demonstrate that
the efficiency in producing [Fe II] emission through this
process relative to the radio emission is similar to that in
SNRs & Ward Finally, pure shock models(Forbes 1993).
predict a correlation between line widths and emission-line
luminosities (see, e.g., & SutherlandDopita 1995). Figure 10
does not show any clear tendency for the luminosity in the

FIG. 10.È[Fe II] j1.2567 luminosities as a function of [Fe II] line
widths. The numbers identify individual objects following the order in

No signiÐcant trend is observed.Table 1.
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[Fe II] line to increase with the [Fe II] line widths. Although
this result needs to be conÐrmed with data of higher
resolution, this lack of correlation is difficult to explain with
shock models unless the environment (e.g., preshock gas
density) varies signiÐcantly from one galaxy to the other.
Measurements of the electron temperature in the [Fe II]
lineÈemitting region would also help clarify the role of
shocks et al. Unfortunately,(Mouri 1993 ; Thompson 1995).
as discussed in detail in none of the weaker [Fe II]Paper I,
lines that lie in the J-band are both sensitive enough to
temperature variations and strong enough to be measured
in the spectra of our Seyfert 2 galaxies.

In summary, the present data rule out a purely starburst
origin for the [Fe II] emission in Seyfert galaxies. Shocks
associated with nuclear outÑows are a likely source of
[Fe II] emission, although photoionization by the nuclear
continuum may also contribute to the emission.

4.3. Emission from Molecular Hydrogen
Emission from molecular hydrogen is observed in most of

the galaxies in our sample for which we have K-band data.
The masses that we derive from the j2.121 lumi-H2 H2nosities range from 100 to 10,000 (see There areM

_
° 3).

two basic ways to excite molecular hydrogen : collisional
excitation, i.e., inelastic collisions between molecules in a
warm gas K), or Ñuorescent excitation through(Z1000
absorption of soft-UV radiation (912È1108 in the LymanA� )
and Werner bands. The method most commonly used to
di†erentiate collisional excitation from Ñuorescence consists
in using Ñux ratios of various lines visible in the K band,H2particularly the v\ 1È0 S(1) 2.12125 km, v\ 1È0 S(0)H22.2227 km, and v\ 2È1 S(1) 2.2471 km transitions. In the
case of purely radiative UV Ñuorescence excitation (i.e., UV
excitation at low densities), 2È1 S(1)/1È0 S(1) is expectedH2to be 0.5È0.6 and 1È0 S(0)/1È0 S(1) is roughly 0.5 (see,H2e.g., & Dalgarno & van DishoeckBlack 1976 ; Black 1987 ;

In contrast, collisional excitation from aSternberg 1988).
gas in thermal equilibrium at a temperature of 1000È4000
K produces 2È1 S(1)/1È0 and 1È0 S(0)/H2 S(1)[ 0.35 H21È0 S(1)B 0.2È0.3 & Hollenbach &(Shull 1978 ; Lepp
McCray & Dalgarno Unfortunately,1983 ; Sternberg 1989).

j2.247 does not lie within the spectral coverage of ourH2data, while j2.223 is weak and often a†ected by absorp-H2tion features from Na and Fe in the underlying stellar con-
tinuum. Nevertheless, constraints on the excitation process
can still be derived from our data : the (admittedly few)
objects with reliable 1È0 S(0) Ñuxes have 1È0 S(0)/1ÈH2 H20 S(1)> 0.5. Although Ñux measurements of the 2È1 S(1)H2line are needed to draw any deÐnite conclusions about the
excitation process of our preliminary results appear toH2,support previous studies which concluded that radiative
Ñuorescence at low densities is not important in most
AGNs and starburst galaxies (see, e.g., et al.Fischer 1987 ;

& OlivaMoorwood 1990).
Three mechanisms may provide the heating necessary for

collisional excitation of in our galaxies : (1) heating ofH2dense photodissociation regions by UV radiation, (2)
heating by X-rays from the AGNs, or (3) heating through
shocks induced by nuclear outÑows. A strong constraint on
the importance of UV heating can be derived from the
values of j2.121/Brc in our galaxies. Using only the ÑuxH2from the narrow component of Brc, j2.121/Brc typicallyH2is greater than unity. With the exception of the very uncer-
tain measurement in NGC 1068, j2.121 is never lessH2

than D50% the intensity of in any of our galaxies. ThisBrc
nresult seems to rule out UV heating from the central AGN

since this process predicts j2.121/Brc considerably lessH2than 0.5 for a broad range of spectral energy distributions
and dust-to-gas ratios et al. &(Fischer 1987 ; Moorwood
Oliva Nishida, & Gregory Heating of1990 ; Kawara, 1990).
dense photodissociation regions by UV radiation may be
important in H II galaxies, however Hawarden, &(Puxley,
Mountain Wright, & Joseph1990 ; Doyon, 1994).

A comparison of the 1È0 S(1) and X-ray Ñuxes in ourH2sample galaxies provides an excellent way to test the
mechanism of X-ray heating. Indeed, the results of &Lepp
McCray suggest that j2.121 must(1983) FX(1È10 keV)/H2be larger than 400 for X-ray heating to be a plausible excita-
tion mechanism. shows the results of this com-Figure 11
parison. With the exception of NGC 1068, all of the galaxies
in our sample satisfy this criterion. (This criterion is likely to
be satisÐed even in NGC 1068 since the observed X-ray Ñux
probably represents only a small fraction of the actual Ñux
incident on the NLR clouds in this galaxy [see A° 4.2].)
similar result was found by et al. in SeyfertKawara (1990)
1Ïs and quasars. Kawara et al. speculate that the emis-H2sion in Seyfert 1Ïs and quasars comes from the inner (¹1
pc), spatially unresolved region of the molecular torus pur-
ported to exist in these objects & Lepp Deep(Krolik 1989).
high-resolution maps are not available for most of ourH2objects to test this scenario.

An important prediction of the X-ray heating hypothesis
is that the intensity of the emission should correlate withH2

FIG. 11.ÈHard (1È10 keV) X-ray Ñuxes as a function of j2.121H2Ñuxes. The numbers identify individual objects following the order in Table
The positions of the small symbols are uncertain. The solid line rep-1.

resents F(HX)\ 400 2.121). All of the objects except NGC 1068 lieF(H2above this line.
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the low-ionization emission produced in the partially
ionized regions of optically thick NLR clouds. Figure 12
plots versus [O I] for our sampleH2 j2.121/Brc

n
j6300/Ha

ngalaxies. The data points do not closely follow the relation-
ship between and [O I] predicted by the photoioniza-H2tion model. This large scatter may indicate a wide range in
the ratio of molecular to neutral atomic gas or the existence
of an additional source of excitation in many of these
objects. A similar result is found when isH2 j2.121/Brc

ncompared with [Fe II] Shock excitation by aj1.2567/Pab
n
.

nuclear-driven wind is often presumed to be responsible for
the emission in NGC 1068 (see, e.g., et al.H2 Kawara 1990 ;

& Moorwood & OlivaOliva 1990 ; Moorwood 1990 ; Blietz
et al. There is now direct evidence that the same1994).
phenomenon may be taking place in NGC 7469 (Heckman
et al. NGC 3079 et al. Centaurus A1986), (Hawarden 1995),

et al. and perhaps even in NGC 6240(Israel 1990),
(although most of the emission in this object is probablyH2produced through shock excitation at the interface of the
ISM of two merging galaxies : et al. derHerbst 1990 ; van
Werf et al. & Taniguchi The scatter in1993 ; Mouri 1995).

may be attributable to shock excitation.Figure 12
et al. found that the 1È0 S(1) emissionKawara (1987) H2normalized to the far-infrared emission is signiÐcantly

enhanced in AGN as a group relative to starburst galaxies.
They argue that the di†erence may be due to winds from the
AGNs. Using the far-infrared Ñuxes listed in weTable 6,
conÐrm the excess emission in the galaxies of ourH2sample. With the exception of NGC 1068 in which aperture

Ñux ratios as a function of [O I]FIG. 12.ÈH2 j2.121/Brc
n

j6300/Ha
nÑux ratios. The positions of the small symbols are uncertain. The solid line

represents the predictions of the photoionization model of &Lepp
McCray and et al. j2.121/Brc\ 11 ] [O I](1983) Mouri (1989) : H2j6300/Ha. The data points scatter signiÐcantly around this line.

e†ects are very important, log j2.121/FIR) ranges from(H2[4.3 (in Mrk 477) to [5.5, with the bulk of the objects
having ratios in the narrow range ([4.7, [5.3). If shocks
contribute signiÐcantly to the excitation of in theseH2Seyfert 2 galaxies and if the bulk of the radio emission from
these objects is also produced in (higher velocity) shocks
associated with these nuclear outÑows, one would expect a
correlation between the strength of j2.121 and radioH2emission. shows that the j2.121 Ñuxes in ourFigure 13 H2sample galaxies do indeed have a tendency to increase with
20 and 6 cm Ñuxes, but the correlations are less signiÐcant
than for the [Fe II] emission (P[null]\ 0.3% and 6.5% for
Figures and respectively ; see previous section). A13a 13b,
similar result was found by & WardForbes (1993).

The widths of the proÐles are not correlated with andH2are generally smaller than the widths of [Fe II] j1.2567 (Fig.
This di†erence in line widths may not be surprising,14).

however, since dissociation of the molecules requiresH2shock velocities only in excess of D25 km s~1 (D 50 km s~1
if magnetic Ðelds are present). In fact, the very detection of

proÐles with widths well above these velocities points toH2the importance of the e†ects associated with a multiphase
ISM, where slow shocks are produced by high-velocity col-
lisions between dense molecular cloudlets and a more
ubiquitous, less dense gas phase (see, e.g., et al.Heckman
1986).

To Ðrst order, shock excitation of the molecules pre-H2dicts a correlation between the shock velocities and the
luminosities of j2.121. shows that the widthsH2 Figure 15
of j2.121 do not correlate with the luminosities, norH2 H2is there any clear correlation when the line widths areH2

FIG. 13.ÈRadio Ñuxes as a function of j2.121 Ñuxes. (a) 20 cm; (b) 6H2cm. The numbers identify individual objects following the order in Table 1.
The positions of the small symbols are uncertain. A weak correlation is
detected in both Ðgures.
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FIG. 14.ÈLine widths of j2.121 as a function of the line widths ofH2[Fe II] j1.2567. The positions of the small symbols are uncertain. The solid
line represents the equality line. No trend is observed.

FIG. 15.ÈLine widths as a function of j2.121 luminosities. (a) TheH2j2.121 line widths ; (b) the Ha line widths. The numbers identify individ-H2ual objects following the order in The positions of the smallTable 1.
symbols are uncertain. No signiÐcant trend is detected in our data.

replaced by the widths of Ha. This may simply reÑect large
variations in the environment (e.g., preshock density) or
that line widths are dominated by bulk gas kinematics
rather than shock details.

An important test of the shock excitation hypothesis is to
verify that the mechanical energy in the purported nuclear-
driven winds is sufficient to power the observed emis-H2sion. et al. predict a maximum efficiency ofDraine (1983)
2% for the production of 1È0 S(1) relative to the totalH2available mechanical energy. For our objects, this implies a
mechanical energy input ranging from 3] 106 (Akn 79L

_and NGC 7172) to 3 ] 108 (Mrk 463E and Mrk 477).L
_These numbers should be considered lower limits to the

actual values because the extinction a†ecting the emis-H2sion was neglected. In NGC 1068, Bland, & TullyCecil,
derived a total bulk kinetic energy in the optical(1990)

Ðlaments outÑowing from the nucleus of about 4] 1053
ergs. Using a dynamical timescale of order 106 yr, the
mechanical energy input rate in this galaxy is roughly
3 ] 106 and therefore appears incapable of powering allL

_of the nuclear emission of 2 ] 105 in NGC 1068 atH2 L
_2% efficiency (see also et al.Rotaciuc 1991).

Unfortunately, few other galaxies in the sample have been
studied in sufficient detail to allow a rigorous comparison of
the dynamics of the gas surrounding the nucleus with the
rate required to power the observed emission throughH2shocks. In particular, no dynamical information is available
for the strongest emitters in our sample, Mrk 463E andH2Mrk 477. Here, we will discuss only a few additional cases.
In NGC 5506, Baldwin, & Ulvestad argueWilson, (1985)
for the possible presence of a conical outÑow with an
outward velocity of order 300 km s~1. Using their
reddening-corrected Hb luminosity of the nebula
(3.4] 1040 ergs s~1) and assuming a density of order 500
cm~3 in the outÑowing gas, a mass of 4 ] 105 isM

_involved in this outÑow. The mechanical energy in the
outÑow of NGC 5506 is thus of order a few 1053 ergs, i.e.,
similar to that of NGC 1068. The dynamical timescale for
the outÑow in NGC 5506 determined from the extent of the
high-ionization nebula and the outÑow velocity is slightly
longer than that of NGC 1068. These results in turn imply a
mechanical energy input rate of order 106 solar lumi-
nosities. In comparison, the luminosity of NGC 5506H2determined by et al. requires a mechanicalKawara (1990)
energy input rate of at least 107 These admittedly roughL

_
.

calculations suggest the presence of another source of H2emission in NGC 5506. The same problem appears to a†ect
NGC 2110 where no evidence for any spatially resolved
outÑow was detected by et al. a blue wing isWilson (1985;
detected in the nuclear line proÐles, however). The velocities
and masses involved in the nuclear outÑows of Mrk 3

et al. Mrk 533 et al.(Whittle 1988 ; Veilleux 1991c), (Unger
Mrk 573 et al.1989 ; Veilleux 1991c), (Whittle 1988 ;

& Walsh Mrk 1066Tsvetanov 1992), (Veilleux 1991c ;
et al. and NGC 4388 Baldwin, &Bower 1995), (Corbin,

Wilson also seem to imply mechanical energy input1988)
rates that are too small to power all of the emission inH2these galaxies.

Overall, these results suggest that shock excitation by
nuclear outÑows is a likely mechanism for exciting the H2molecules in many Seyfert 2 galaxies, but that it is probably
not the only source of excitation. Most likely, X-ray heating
also plays an important role in producing the emissionH2in these objects.
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5. SUMMARY

A sample of 33 Seyfert 2 galaxies was observed in the J,
K, and L bands to search for obscured BLRs. The presence
of broad emission lines is conÐrmed in three objects : MCG
[05-23-16, Mrk 463E, and NGC 2992. Broad-line emission
may also be present in the Pab proÐle of Mrk 176, Mrk 348,
Mrk 1210, NGC 2110, and NGC 5728 and in the Brc proÐle
of Mrk 348, Mrk 477, Mrk 1210, and NGC 2110 ; data of
higher S/N combined with careful subtraction of the stellar
continuum would settle this issue. The broad-line emission
that we detect is interpreted as evidence for obscured high-
density BLRs based on (1) the absence of broad wings in the
proÐle of the forbidden [Fe II] j1.257 and j2.122 line orH2(2) the lack of observational evidence for powerful high-
velocity (D2000 km s~1) outÑows in these objects. In NGC
5506, however, no evidence is found for a genuine high-
density BLR, but highly reddened wings that become more
readily visible at longer wavelengths are detected.

Overall, these data suggest that partially obscured
Seyfert 1 galaxies are not uncommon. They[A

V
(IR)[ 10]

represent perhaps as much as 25% of the Seyfert 2 galaxies
in our sample. A number of these objects present small
X-ray column depths. Comparisons of the (lower limits on)
the broad-line extinctions in our sample galaxies with the
narrow-line extinctions suggest that the obscuring material
is located between the BLR and NLR. These results are
consistent with the dusty wind model of & KartjeKo� nigl

The torus model of & Krolik can also(1994). Pier (1992b)
explain these results if the dust content in the walls of the
torus is lower, perhaps as a result of the harsh environment
near the center and in the ““ throat ÏÏ of the torus. In contrast,
the thin warped disk model proposed by et al.Sanders

to explain quasar spectra has difficulties accounting(1989)
for many of the properties of Seyfert galaxies.

The widths of the broad components to Pab and Brc lie
on the narrow end of the distribution for Seyfert 1 galaxies.
But we must point out the difficulty to detect very broad

km s~1) line emission from our data. The dered-(Z5000
dened broad Hb luminosities predicted from the broad
infrared lines are similar to the broad Hb luminosities of
normal Seyfert 1Ïs. The ratios of the hard X-ray Ñux to the
predicted broad Ha Ñux are also typical of dereddened
Seyfert 1Ïs. Only a small fraction of the total broad-([10%)
line Ñux is seen in scattered light in objects with BLR
detected through both infrared spectroscopy and spectro-
polarimetry.

The infrared spectra of our study have also helped us
constrain the origin of the [Fe II] and emission inH2Seyfert 2 galaxies. Our data rule out circumnuclear star-
bursts as the primary source of [Fe II] and emission inH2our objects. The [Fe II] emission is likely to originate in the
cooling tails of shock fronts caused by the interaction of
nuclear outÑows with the ambient ISM of the host galaxies ;
photoionization by the nuclear continuum may also con-

tribute to the emission. Shock excitation seems to contrib-
ute to the excitation of molecules in many Seyfert 2H2galaxies but is probably not the only source of excitation.
Most likely, X-ray heating also plays an important role in
producing the emission in these objects. High-resolutionH2[Fe II] and images of a large, unbiased sample of SeyfertH2galaxies would go a long way in removing any ambiguity.

The present sample of galaxies was biased toward objects
with bright [O III] j5007 emission. A detailed knowledge of
the obscuring mass distribution in Seyfert galaxies will be
possible only from the study of a large, unbiased sample of
Seyfert 2 galaxies. The selection of this sample should be
based on aspect-independent parameters such as the low-
frequency radio emission or the far-infrared Ñux (see, e.g.,

et al. The results fromLawrence 1991 ; Mulchaey 1994).
such a study would answer whether or not the properties of
the obscured Seyfert 1 galaxies match those of normal
Seyfert 1Ïs. Seyfert 2 galaxies appear to have a higher likeli-
hood to have companions than Seyfert 1Ïs (see, e.g.,

has argued that perturbingMacKenty 1989). Tran (1995c)
or merging processes may play a role in the existence and/or
detection of hidden BLRs in Seyfert 2 galaxies. It will there-
fore be interesting to determine if the galaxies with hidden
BLRs are found predominantly in multiple, interacting
systems. Studies of a large sample spanning a broad range
in luminosity should also clarify how the geometry of the
obscuring material in active galaxies depends on the lumi-
nosity of the AGN (see, e.g., & GoodrichMiller 1990 ;

et al. et al.Lawrence 1991 ; Mulchaey 1992 ; Hill 1996).
Substantial progress in our understanding of the mass

obscuring distribution can also be made by extending the
reach of our probe to larger optical depths. New probes will
soon become available with the launch of the Infrared Space
Observatory (ISO) and the Advanced X-ray Astronomical
Facility (AXAF). In particular, observations of the proÐles
of the high-J 12C16O and medium-J 13C16O, 12C18O, and
12C16O rotational lines should provide a direct view of the
molecular gas near the AGNs & Lepp VLBI(Krolik 1989).
observations of maser emission from active galaxies are also
proving to be a powerful technique to probe the accretion
disk in these objects at subparsec scales (see, e.g., Greenhill
et al. 1995).
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and by the NSF through grant AST 91-21889 (R. W. G.).
This research has made use of the NASA/IPAC Extra-
galactic Database (NED) which is operated by the Jet Pro-
pulsion Laboratory, California Institute of Technology,
under contract with NASA.

APPENDIX A

NOTES ON INDIVIDUAL OBJECTS

In this Appendix, we discuss the emission-line properties of each object, with particular emphasis on the presence or
absence of broad components in the proÐles of the infrared hydrogen recombination lines. In the cases where no positive
detection of broad emission is reported, we often give very conservative upper limits to the broad-line Ñuxes. These broad-line
Ñuxes were determined by Ðtting the maximum broad Gaussian consistent with the data.
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A1. MCG [05-23-16 \ A0945[30

The high-resolution spectrum of MCG [05-23-16 from clearly shows a strong broad Pab line withPaper I
FWHMB 2490 km s~1 beneath a weaker narrow component, conÐrming the earlier results of et al. TheBlanco (1990).
presence of this broad-line emission is also evident in the proÐle of Brc in our new K-band data of this galaxy This(Fig. 1a).
broad component dominates the Brc proÐle, which makes it impossible to measure the contribution from the narrow-line
region. As a consequence, the broad-line Brc Ñux listed in should be considered an upper limit to the actual broad-lineTable 3
Ñux, and the width of this broad component, a lower limit to the actual line width. An estimate of the narrow-line Brc Ñux can
be derived using the narrow Hb, Ha, and Pab Ñuxes and the narrow-line extinctions determined from these Ñuxes : F(Brc

n
) \

0.7] 10~14 ergs s~1 cm~2, consistent with being a minor contributor to the total observed Brc Ñux.
The presence of any broad component to the Balmer lines in MCG [05-23-16 is hotly debated (see discussion in Paper I).

The results are extremely sensitive to the template proÐles used to deblend the Ha ] [N II] complex. We consider the value
obtained by & Bergeron ergs s~1 cm~2) a generous upper limit to broad Ha. Using thisDurret (1988 ; F[Ha

b
]\ 18 ] 10~14

measurement, based on and based on Note, however, thatE(B[V )
b
[ 2.3 Pab

b
/Ha

b
E(B[V )

b
[ 1.9 Brc

b
/Ha

b
. Pab

b
/Brc

bimplies a value that is inconsistent with these upper limits. This inconsistency is difficult to explain. AE(B[V )
b
\ 0.6,

conservatively high value of 2 is adopted.E(B[V )
b
Z

A2. MRK 3

& Goodrich and detected a BLR in Mrk 3 using spectropolarimetry, but low-resolution J-bandMiller (1990) Tran (1995a)
spectra do not reveal any obvious BLR at Pab The high declination of Mrk 3 prevented us from obtaining(Paper I).
high-resolution UKIRT data of this galaxy.

A3. MRK 78

Mrk 78 lies above UKIRTÏs upper limit on declination. Our low-resolution J-band spectra obtained on the UH 88 inch
(2.24 m) telescope did not reveal any BLR at Pab No BLR was detected in Mrk 78 from spectropolarimetry(Paper I). (Miller
& Goodrich 1990 ; Tran 1995a).

A4. MRK 176

Our J-band spectrum of Mrk 176 shows a weak narrow Pab line lying on a broad pedestal interpreted in as eitherPaper I
an undulation in the underlying continuum or a broad Pab emission feature with FWHM B 1500 km s~1. et al.Ruiz (1994)
conÐrmed the presence of this broad feature in Pab and detected a similar feature in He I j10830. presents our newFigure 1b
K-band spectrum of this object. Disappointingly, the K-band spectrum of this object is nearly featureless : 2.121 km isH2barely detected, and we were able to derive only an upper limit on the intensity of Brc. If the broad wings of Pab reÑect the
presence of a BLR, ergs s~1 cm~2. Assuming that a BLR with one-Ðfth the intensity of the observed HaF(Pab

b
) B 1 ] 10~14

emission would have been detected, E(B[V )
b
Z 2.

A5. MRK 266SW \ NGC 5256SW

tentatively reported the detection of a broad Ha line in the polarized light of Mrk 266SW. No broad Pab wasKay (1994)
detected in this galaxy nor is there any evidence for broad wings to Brc in the new spectrum We derive(Paper I), (Fig. 1c).
upper limits on the Pab and Brc Ñux produced from the BLR of this galaxy of about 1.0 and 0.1] 10~14 ergs s~1 cm~2,
respectively.

The reddening derived from the narrow-line ratio di†ers signiÐcantly from the values based on or thePab
n
/Ha

n
Brc

n
/Ha

nBalmer decrement. This apparent discrepancy may be due to di†erential slit losses associated with the extended nature of the
line-emitting region in this et al. Slight changes in the seeing and positioning of the slit can causegalaxy(Mazzarella 1988).
variations in the Ñux entering the spectrograph aperture. The di†erences in the proÐles of [Fe II] 1.2567 km, Pab, 2.121H2km, Brc, and [O III] j5007 may also be explained in that way. The obvious blue wing in the proÐle of [O III] j5007 &(Vrtilek
Carleton is not visible in any of the infrared line proÐles. SigniÐcant structure was detected in the red wing of Pab1985) (Paper

but the S/N of the K-band data is insufficient to conÐrm the presence of this feature in Brc.I),

A6. MRK 266NE \ NGC 5256NE

There is no evidence of a BLR in the Pab proÐle of this LINER galaxy No attempt was made to acquire a K-band(Paper I).
spectrum of this object.

A7. MRK 463E

Mrk 463E is a ““ warm ÏÏ ultraluminous IRAS galaxy with a Seyfert 2 optical spectrum (see, e.g.,(log [L /L
_
]\ 12.03)

et al. Near-infrared spectra of this object reveal a broad component to the recombination lines of hydrogenSanders 1988).
and helium et al. et al. A broad Pab component with FWHMB 1810 km s~1 was clearly(Blanco 1990 ; Paper I ; Ruiz 1994).
detected in our J-band spectrum of Mrk 463E Spectropolarimetric observations by & Goodrich and(Paper I). Miller (1990)

also reveal a hidden BLR, seen in scattered, polarized light. The ratio of emission to scattered emissionTran (1995a) Pab
b

Ha
bis D2, more than an order of magnitude larger than the value predicted from Case B recombination (and considerably larger

than the value originally quoted in Paper I).
The new K-band spectrum of Mrk 463E also suggests the presence of a broad component to Brc. The data are not(Fig. 1d)

as convincing as the Pab data because the line-to-continuum contrast in this galaxy is considerably lower at K than at J and
because a strong sky line at 2.281 km is contaminating the red wing of Brc. Once again, the ratio of emission to scatteredBrcbemission is an order of magnitude above the Case B value. Making the rather safe assumption that a BLR with one-ÐfthHa

b
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the intensity of the observed Ha emission would have been detected in previous optical spectra, we derive a lower limit to the
color excess in the BLR based on and and 1.9, respectively. The value derived from isPab

b
/Ha

n
Brc/Ha

n
: E(B[V )

b
[ 3.2 Pab

bconsidered more reliable.

A8. MRK 477 \ I Zw 92

Mrk 477 is another Seyfert 2 galaxy with polarized broad Ha et al. No obvious broad Pab(Tran 1992 ; Tran 1995a).
emission was detected in our J-band spectra although the relatively low resolution of the spectra undoubtedly(Paper I),
hampered our ability to detect a broad feature with km s~1FWHMZ 3000 (Tran 1995a).

The new K-band spectrum of Mrk 477, shown in presents relatively strong, narrow 2.121 km and BrcFigure 1e, H2features. An apparent broad component to Brc is marginally detected. If real, the broad emission is about 6 times largerBrc
bthan that predicted using Case B recombination and the scattered broad emission of Tran The presence of(1995a, 1995c).

broad Brc emission combined with the lack of any broad Ha or Pab emission at the level of at least one-Ðfth the intensity of
the narrow line implies that or respectively. These values are smaller than the lower limit onE(B[V )

b
Z 0.8 Z1.7, E(B[V )

bimplied by the absence of broad Pab Data of higher S/N will be needed to conÐrm the presence of broad[A
V
(BLR)Z 11].

Brc.
A9. MRK 1388

No BLR was detected in the Pab proÐle of this unusually high ionization Seyfert 2 galaxy No new K-band(Paper I).
spectrum was obtained of this galaxy.

A10. NGC 2992 \ MCG [02-25-14

The optical spectrum of the narrow-line X-ray galaxy NGC 2992 is fairly typical of that of a normal Seyfert 2 galaxy with
the exception of a possible weak broad component to Ha et al. In contrast, broad emission is(Shuder 1980 ; Ve� ron 1980).
clearly observed in the proÐle of Pab et al. The K-band spectrum of NGC 2992 is characterized by weak(Paper I ; Rix 1990).
Brc emission but relatively strong emission There is a slight excess of broad emission with FWHMB 4000 kmH2 (Fig. 1f ).
s~1 on each side of narrow Brc, but it may simply reÑect structure in the underlying stellar continuum or small errors in the
continuum calibration. Consequently, the Ñux of listed in should be considered an upper limit.Brc

b
Table 3

A direct estimate of the reddening in the BLR of NGC 2992 can be derived from the intensity of the broad line at Pab and
Brc : assuming Case B recombination, The broad Ha Ñuxes measured by or et al.E(B[V )

b
\ 2.1. Shuder (1980) Ve� ron (1980)

can also be used to determine the extinction toward the BLR. Using the value of et al. fromVe� ron (1980), E(B[V )
b
B 2.6

Pab/Ha and 2.5 from Brc/Ha, while the Ñux of implies from Pab/Ha and 1.2 from Brc/Ha.Ha
b

Shuder (1980) E(B[V )
b
B 0.9

The color excesses derived from the narrow lines of NGC 2992 show a tendency to decrease with wavelengths. This result is
difficult to explain unless di†erential slit loss, seeing, and guiding e†ects are a†ecting the data on this object. This may be the
case since the line-emitting region in NGC 2992 is known to be extended and complex & Morris(Wehrle 1988).

A11. NGC 3081 \ IC 2529

The J-band spectrum of NGC 3081 shows faint narrow Pab and [Fe II] j1.2567 emission lying on top of a strong stellar
continuum Detection of a broad component to Pab is therefore difficult unless the stellar continuum is very(Paper I).
carefully removed from the data. For this reason, no attempt was made to observe NGC 3081 in the K band.

A12. NGC 4388

There is no evidence for broad Pab emission in NGC 4388 et al. This result was recently conÐrmed(Blanco 1990 ; Paper I).
by et al. We now report on new attempts to detect a broad line in Brc and Bra. The new spectra show no obviousRuiz (1994).
sign of a broad component to any of these lines (Figs. and Since both the line-to-continuum contrast and S/N of the1g 1h).
new data are slightly lower than in the J-band data presented in the constraints on broad Brc and broad Bra arePaper I,
relatively weaker than that on broad Pab : ergs s~1 cm~2, ergs s~1 cm~2,F(Pab

b
) \ 1.5 ] 10~14 F(Brc

b
) \ 1.3] 10~14

ergs s~1 cm~2. Our failure to detect broad-line emission from the nucleus of this galaxy is surprising inF(Bra
b
) \ 7.6] 10~14

view of the reported o†-nuclear broad Ha in this galaxy & Filippenko(Shields 1988).
With the exception of the color excess derived from there is a general tendency for the amount of reddeningBrc

n
/Ha

n
,

derived from the narrow lines in NGC 4388 to increase toward longer wavelengths (see This suggests the presence ofTable 3).
an obscured source of narrow-line emission only visible at infrared wavelengths.

A13. NGC 5252

The Pab emission in NGC 5252 is very faint, and the J-band continuum appears dominated by stellar light No(Paper I).
strong statement could be made in on the presence of an obscured BLR in this galaxy. Our K-band spectrum of NGCPaper I
5252 is nearly featureless Brc is barely detected in this spectrum. The optical Ñuxes listed in were derived(Fig. 1i) ; Table 3
from spectra obtained with an aperture (8A) that is considerably larger than that of the infrared data. The color excesses listed
in and derived from the ratios of the infrared lines to the Hb Ñux are therefore lower limits to the actual reddening.Table 3
For instance, if the Hb Ñux is divided by the ratio of the aperture sizes (i.e., assuming that the Hb Ñux is uniformly distributed
inside of the large optical aperture), from the Pab Ñux and from the estimated Brc Ñux.E(B[V )

n
B 1.1 E(B[V )

n
B 0.4

A14. NGC 5506

In we argued against the presence of genuine broad Pab emission in NGC 5506 based on the fact that the PabPaper I,
proÐle is continuous and has the same shape as the nearby [Fe II] j1.2567, a forbidden line that cannot be produced in the
high-density BLR. However, the NLR proÐles were found to become broader at longer wavelengths, which suggests that the
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wing emission is highly reddened. We therefore argued that the ““ broad ÏÏ Pab line reported by et al. and etBlanco (1990) Rix
al. (and, more recently, by et al. corresponds to the strong, highly reddened emission in the wings of this(1990) Ruiz 1994)
proÐle.

New spectra centered on Brc and Bra were obtained of NGC 5506 ; they are shown in Figures and The lower S/N and1j 1k.
absence of strong forbidden lines in these data prevent us from making strong statements on the presence of BLR emission in
Brc and Bra. The proÐle of Brc is similar to that of Pab it presents a narrow core superposed on a broad base. This(Paper I) :
proÐle is a†ected by sky line residuals at 2.188 and 2.206 km, and structure in the underlying stellar continuum may also be
responsible for the break around 2.16 km in the continuum of NGC 5506.

The line Ñuxes and widths listed in Tables and were derived by Ðtting the sum of a Gaussian and a Lorentzian, both with3 4
the same FWHM and the same peak strength. This proÐle was shown in to Ðt the Pab proÐle very well ; Brc and BraPaper I
are also well Ðtted by this hybrid proÐle. The Ñuxes in the tables are signiÐcantly larger than those obtained by &Moorwood
Oliva and et al. A similar result is found when comparing our Pab and [Fe II] j1.2567 Ñuxes to those of(1988) Kawara (1988).

et al. and et al. The origin of this discrepancy is unclear, but it may be due at least in part toBlanco (1990) Rix (1990).
di†erences in the placement of the slit. All of our spectra were centered on the infrared peak, while the slit was centered on the
optical peak in the other studies. In an edge-on galaxy like NGC 5506, where the nucleus is undoubtedly obscured by dust in
the galaxy disk, the position of the optical nucleus can di†er by a few arcseconds from that of the infrared nucleus (see, e.g.,

et al. This may account for the discrepancy between our data and those obtained through relatively smallVeilleux 1994).
apertures et al. and et al. 1990) has difficulties explaining the di†erence between our results and those of(Blanco 1990 Rix but

& Oliva and et al. who used apertures of 6A ] 6A and respectively.Moorwood (1988) Kawara (1989) 10A.3 ] 20A.7,
The color excesses derived from the Ñuxes in Tables and are signiÐcantly larger than the value derived from the Balmer3 4

decrement. There are relatively little variations in the colors excesses derived from Pab, Brc, and Bra. Once again, this result
suggests that an unreddened source dominates the optical line emission in NGC 5506, while the infrared line emission is
produced in a stronger, reddened source but not in what would be termed a BLR (see discussion in Paper I).

A15. NGC 5728 \ MCG [03-37-5

Based on a J-band spectrum of rather low S/N, NGC 5728 was classiÐed in as a possible candidate for an obscuredPaper I
Seyfert 1 galaxy. Unfortunately, the Brc feature in our new K-band spectrum is too faint to clarify the situation It is(Fig. 1l).
not clear either why the color excess derived from the narrow-line Balmer decrement is larger than the value derived from

which itself is larger than the value derived fromPab
n
/Ha

n
, Brc

n
/Ha

n
.

A16. AKN 79

Akn 79 is the active galaxy with the weakest optical emission lines in our sample & Osterbrock & De(Shuder 1981 ; Dahari
Robertis High-resolution spectroscopy of these lines reveals the presence of a signiÐcant blue wing (see, e.g., &1988). Vrtilek
Carleton shows the K-band spectrum of this galaxy. Very few emission lines are visible. j2.121 is present1985). Figure 2a H2at 2.16 km, and the feature near 2.265 km may correspond to j2.223. An upper limit of 1] 10~15 ergs s~1 cm~2 wasH2derived on the total Ñux of Brc.

A17. ESO 428-G14 \ M4-1 \ MCG [5-18-2

ESO 428-G14 was Ðrst classiÐed as a planetary nebula, PK 241[7¡1 & Kohoutek subsequent spectroscopy(Perek 1967) ;
revealed that it was in fact a galaxy with the emission-line properties of a Seyfert 2 Johansson, & Olofsson(Bergvall, 1986).
Direct imaging and long-slit spectroscopy by & Baldwin have shown that the nuclear regions of ESO 428-G14Wilson (1989)
contain an extended (D1 kpc) high-excitation nebulosity that is well aligned with the curved, jetlike nonthermal radio source

& Wilson The spectrum around Pab is displayed in The proÐle of Pab is narrower than the(Ulvestad 1989). Figure 2b.
equally strong [Fe II] j1.2567. Excess emission in the blue wing of Pab is attributed to He I j1.27887. Broad Pab with
FWHMB 1400 km s~1 cannot contribute more than 4.7 ] 10~14 ergs s~1 cm~2.

The Ñuxes derived by et al. were used to calculate the narrow-line color excesses listed in TheseBergvall (1986) Table 3.
Ñuxes were obtained through a 4A ] 4A aperture, while our infrared Ñuxes were determined from a spectrum that was
extracted from a 3A ] 3A region.

A18. IC 5135 \ NGC 7130

IC 5135 was originally identiÐed as a Seyfert 2 galaxy by Charles, & Baldwin More recently, &Phillips, (1983). Shields
Filippenko studied its optical emission-line spectrum in detail and concluded that a circumnuclear starburst is also(1990)
present in this object. No spectrum was obtained in the J band. The line emission from Brc and 2.121 km dominates theH2K-band spectrum Both lines have similar widths, and neither shows any obvious broad wings at low intensity levels.(Fig. 2c).
Any broad (FWHMB 2600 km s~1) emission at Brc must be weaker than about 3 ] 10~15 ergs s~1 cm~2. A number of other
features may be identiÐed in the spectrum. The line at 2.094 km is redshifted He I j2.058, while the weaker features at 2.26 km
and 2.110 km probably correspond to j2.223 and j2.073, respectively.H2 H2

A19. MRK 1 \ NGC 449

The optical spectrum of Mrk 1 was Ðrst studied in detail by The emission-line properties of this galaxy areKoski (1978).
typical of active galaxies photoionized by a hard continuum source (see, e.g., Tran, & VeilleuxKoski 1978 ; Osterbrock, 1992).
The proÐles of the emission lines at optical wavelengths present a distinct blue asymmetry and have FWHMB 500 km ~1
(see, e.g., Busko & Steiner Robertis & Shaw Interestingly, this proÐle asymmetry is not visible in the1989, 1992 ; De 1990).
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proÐles of Brc and j2.121, the two strongest lines in the K-band spectrum of Mrk 1 The proÐle of Brc appearsH2 (Fig. 2d).
only marginally broader than that of j2.121. There is therefore no strong evidence for an obscured BLR in this galaxy. WeH2put a conservatively high upper limit of 2 ] 10~15 ergs s~1 cm~2 on the Ñux from broad (FWHM B 2500 km s~1) Brc. Mrk 1
is one of the few galaxies in our sample in which both j2.223 and He I j2.073 are sufficiently strong to allow the Ñuxes ofH2these lines to be measured accurately.

A20. MRK 348 \ NGC 262

Mrk 348 is a Seyfert 2 galaxy that exhibits very broad Ha in polarized light (FWHM\ 8400 km s~1 ; & GoodrichMiller
The existence of this broad Ha emission was Ðrst suspected by Robertis & Osterbrock et1990 ; Tran 1995a). De (1986). Ruiz

al. recently reported the detection of faint blue-wing emission with FWHMB 900È1600 km s~1 in the proÐles of He I(1994)
j1.083 and Pab. Our J-band spectrum conÐrms the presence of this excess of emission in the blue wing of Pab This(Fig. 2e).
excess emission is not visible in [Fe II] j1.2567 or fourth-order [S III] j0.9532. Unfortunately, it is not clear whether this excess
emission corresponds to broad Pab emission or represents contamination by He I j1.27887. The K-band spectrum does not
clarify the situation The proÐle of Brc appears broader at the base than that of j2.121, but structure in the(Fig. 2f ). H2K-band continuum prevents us from making a Ðrm statement. A two-Gaussian decomposition of the Pab and Brc proÐles
provides upper limits to the broad-line Ñux in this galaxy : ergs s~1 cm~2, ergs s~1F(Pab

b
) [ 1 ] 10~14 F(Brc

b
) [ 7 ] 10~16

cm~2, km s~1, and km s~1. Data of higher S/N will be needed to better assessFWHM(Pab
b
) B 1,850 FWHM(Brc

b
) B 2500

the importance and origin of this excess emission.

A21. MRK 403

The optical spectrum of Mrk 403 has been studied by & Dahari and & Osterbrock TheOsterbrock (1983) Veilleux (1987).
most stunning feature of the J-band spectrum is the near absence of [Fe II] j1.2567 : F([Fe(Fig. 2g) II])/F(Pab) [ 0.34.
Emission from He I j1.27887 seems to contaminate the blue wing of Pab. The structure in the continuum near Pab makes the
placement of the continuum difficult. No evidence is seen for broad Pab at a Ñux level of more than 8 ] 10~15 ergs s~1 cm~2
(FWHMB 3800 km s~1).

A22. MRK 533 \ NGC 7674

Spectropolarimetry of NGC 7674 reveals broad Ha emission with FWHM\ 2830 km s~1 in polarized light &(Miller
Goodrich The optical emission lines of this object are well known to present remarkable blue wings1990 ; Tran 1995a).
extending up to velocities of 2000 km s~1 with respect to the peak velocity (see, e.g., Our infrared spectra ofVeilleux 1991a).
this object are presented in Figures and The proÐles of both Pab and Brc are characterized by a narrow core superposed2h 2i.
on a broad base blueshifted with respect to the narrow core. et al. arrived at a qualitatively similar result for He IRuiz (1994)
j1.083 and Pab.

To disentangle the true origin of the broad base in the infrared line proÐles, it is important to note that the proÐles of Pab
and Brc are similar to that of [O III] j5007 (Veilleux These results suggest that the broad component in the1991a, 1991b).
proÐles of Pab and Brc represents emission from a NLR rather than from a genuine high-density BLR (in which [O III] j5007
is collisionally de-excited). has argued that the spectacular blue wing in the line proÐles of Mrk 533 isVeilleux (1991c)
produced by gas of high ionization. This explanation is also consistent with the fact that the extended blue wing is not
apparent in the proÐles of the low-excitation lines [Fe II] j1.2567 and j2.121.H2The Ñuxes listed in were derived by Ðtting the proÐles with the sum of a Gaussian and a Lorentzian, both with theTable 3
same FWHM and the same peak strength. The NLR reddenings determined from Pab/Hb and Brc/Hb are larger than the
reddening determined from the Balmer decrement, perhaps a sign that the infrared lines are probing deeper column depths
than the Balmer lines.

A23. MRK 573 \ UM 363

Mrk 573 is a high-ionization Seyfert 2 galaxy which shows strong evidence for a biconical radiation Ðeld (see, e.g.,
& Walsh & De Robertis The extended narrow-line emission of Mrk 573 is roughly aligned withTsvetanov 1992 ; Pogge 1993).

the axis of the triple source at radio wavelengths (P.A.B 124¡ ; & Wilson A BLR was tentatively detected inUlvestad 1984a).
the polarized light of Mrk 573 The Pab proÐle is very similar to that of [Fe II] j1.2567, implying(Kay 1994). (Fig. 2j)

ergs s~1 cm~2. He I j1.27887 and j1.2528 are detected blueward of Pab and [Fe II], respectively. TheF(Pab
b
) \ 5 ] 10~15

K-band spectrum of Mrk 573 is characterized by a strong stellar continuum and relatively faint emission from Brc(Fig. 2k)
and j2.121. Both He I j2.058 and j2.223 also appear to be present in the spectrum. The Ñux of is less thanH2 H2 Brc

b1 ] 10~15 ergs s~1 cm~2. A spectrum of higher S/N will be needed to subtract accurately the underlying stellar continuum
from the spectrum of Mrk 573 and to put stronger constraints on the contribution of Brc

b
.

A24. MRK 622

Mrk 622 is a Seyfert 2 galaxy whose optical emission-line properties have been studied in detail by & OsterbrockShuder
displays the spectrum of Mrk 622 near Pab. The spectrum around 1.308 km has been interpolated to get rid(1981). Figure 2l

of a strong cosmic ray. There is no obvious sign for a broad component to Pab : ergs s~1 cm~2 withF(Pab
b
) \ 1.4] 10~14

FWHMB 2700 km s~1. The width of Pab is slightly smaller than that of [Fe II] j1.2567. No K-band spectrum was obtained
of this galaxy.
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A25. MRK 917 \ MCG ]05-53-09

The optical and ultraviolet spectrum of Mrk 917 is indicative of photoionization by a hard power-law source &(Ferland
Osterbrock & Osterbrock et al. detected ionized gas in this galaxy over1986 ; Veilleux 1987 ; Osterbrock 1992). Durret (1994)
15A (10.5 kpc for a distance of 145 Mpc). The K-band spectrum of Mrk 917 reveals relatively strong Brc and j2.121 lines ofH2nearly equal strengths There is no evidence for any broad emission at Brc ; in fact, the line appears slightly(Fig. 2m). H2broader than Brc. We derive ergs s~1 cm~2. The He I j2.058 and j2.223 lines are barely detected inF(Brc

b
) \ 1.8] 10~15 H2our spectrum.

A26. MRK 1066

Mrk 1066 is a Seyfert 2 galaxy with strong, narrow emission lines & Osterbrock & Osterbrock(Goodrich 1983 ; Veilleux
The radio map of & Wilson shows a linear, probably triple, source extending along1987 ; Veilleux 1991a). Ulvestad (1989) 2A.8

P.A. 134¡ ^ 4¡. A direct relationship seems to exist between the radio structure and the optical line emission in Mrk 1066
Wilson, & Ward Recent HST results indicate that the [O III]Èemitting gas is concentrated into(Hani†, 1988 ; Veilleux 1991c).

a bright ““ jetlike ÏÏ structure that coincides with the northwest radio jet et al. No hidden BLR was detected from(Bower 1995).
spectropolarimetry & Goodrich The J-band spectrum of Mrk 1066 shows strong [Fe II] j1.2567 and Pab(Miller 1990). (Fig.

Both proÐles have roughly the same widths as the optical lines. Weak excess emission is seen in the blue wing of both2n).
lines. Some of the excess in Pab is almost certainly due to He I j1.27887.

The K-band spectrum of Mrk 1066 harbors strong, symmetric lines from j2.121 and Brc He I j2.058 is alsoH2 (Fig. 2o).
clearly present, while j2.223 is a marginal detection. The high quality of our infrared spectra allows us to put stringentH2constraints on the Ñux from broad Pab and Brc : ergs s~1 cm~2 (FWHMB 1500 km s~1) andF(Pab

b
) \ 4.8 ] 10~14

ergs s~1 cm~2 (FWHMB 2850 km s~1).F(Brc
b
) \ 3.5] 10~15

A27. MRK 1073 \ MCG ]7-7-37

The optical spectrum of Mrk 1073 presents strong, narrow but slightly blue asymmetric emission lines with FWHM B 250
km s~1 (Veilleux Low-ionization substructure in the core of these lines has been attributed to a separate1991a, 1991b).
line-emitting region located D4A from the nucleus The spectrum of Mrk 1073 around Pab is shown in(Veilleux 1991c). Figure

The Pab proÐle shows a broad blue wing that does not seem to be present in the proÐle of [Fe II] j1.2567. Note, however,2p.
that [Fe II] lies near the edge of our spectrum, which makes its blue wing less reliable. Moreover, contamination by He I

j1.27887 is likely to contribute to the blue excess in Pab. Excess emission is also visible in the red wing of Pab but at a much
lower intensity level.

Assuming that all of the blue and red wing emission in Pab is produced by an obscured BLR, ergsF(Pab
b
) B 3.7] 10~14

s~1 cm~2 and km s~1. These results would imply under the assumption that a broadFWHM(Pab
b
) B 1600 E(B[V )

b
Z 1.8,

Ha component with at least one-Ðfth the strength of the observed narrow component would have been detected in the
published optical spectra. Perhaps the best test for the presence of an obscured BLR in Mrk 1073 is to search for broad Brc.
There is very little evidence for a BLR in the K-band spectrum of Mrk 1073 The proÐle of Brc is slightly broader(Fig. 2q).
than that of j2.121, but the blue excess that was present in Pab is absent in Brc. We derive ergs s~1H2 F(Brc

b
) \ 2 ] 10~15

cm~2 with FWHMB 3700 km s~1. This Ñux is less than the value expected from Case B recombination using the broad Pab
Ñux assumed above. These results imply that only a fraction of the wing emission in Pab can possibly be produced in a
genuine BLR.

A28. MRK 1157 \ NGC 591

Mrk 1157 is an early-type barred spiral galaxy with Ha extending over D30A in the east-west direction et al.(Hani† 1988).
In contrast, the bulk of the [O III] j5007 emission is produced in a region centered on the continuum nucleus that is only
marginally resolved in the northwest-southeast direction. This position angle coincides with that of the linear radio double
observed by & Wilson PA\ 152¡). The optical emission-line proÐles in the nucleus of Mrk 1157 present aUlvestad (1989 ;
very high degree of symmetry contrary to what is generally observed in Seyfert 2 galaxies. & Goodrich(Veilleux 1991a), Miller

did not detect any BLR in the polarized light of Mrk 1157. The K-band spectrum of Mrk 1157 is presented in(1990) Figure 2r.
No data were obtained in the J band. Strong line emission is observed : j2.121)/F(Brc) B 1.8. j2.223 and He IH2 F(H2 H2j2.058 are also clearly present in the spectrum. The dominance of is not surprising since Mrk 1157 is one of the few SeyfertH22 galaxies that have been detected in CO (see, e.g., et al. Comparison of the proÐles of Brc and j2.121Taniguchi 1990). H2indicates that a broad component to Brc cannot contribute more than 1.8 ] 10~15 ergs s~1 cm~2 (FWHMB 3800 km s~1)
to the total Brc emission.

A29. MRK 1210

et al. and reported the detection of a BLR in the polarized light of Mrk 1210. The broad polarizedTran (1992) Tran (1995a)
Ha emission has a Ñux of about 6 ] 10~15 ergs s~1 cm~2 and a width of 2380 km s~1. The J-band and K-band spectra are
presented in Figures and The Pab proÐle is characterized by a strong narrow component on top of a broad base with2s 2t.
FWHMB 1600 km s~1. A comparison of the Pab proÐle with that of [Fe II] j2.1567 suggests that at least part of this broad
emission is also present in [Fe II] and therefore is not produced in a genuine high-density BLR. The proÐle of Brc also
presents a narrow core on top of a broad base and appears considerably broader than 2.121 km. However, the measuredH2strength and width of the broad component is uncertain due to noise in the spectrum. Consequently, the broad-line Ñuxes
listed in columns (5) and (11) of should be considered generous upper limits to the actual values. Taken at face value,Table 3
the strengths of the broad-line emission at Pab and Brc imply Ñux ratios relative to broad scattered Ha more than an order of
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magnitude larger than Case B recombination. The possible presence of a broad component to Pab and Brc and the absence of
broad Ha would also imply and 1.1, respectivelyE(B[V )

b
Z 1.6

Lowering the contribution of the BLR to the infrared lines would increase the color excesses determined from narrow Pab
and Brc, and this may explain why the reddenings determined from Pab/Ha and Brc/Ha are smaller than the values
determined from the Balmer decrement. Di†erential slit loss may also a†ect these numbers since the optical data ofTerlevich
et al. were obtained through a 2A ] 4A aperture, while our J-band and K-band spectra were extracted from 3A ] 6A and(1991)

regions, respectively.1A.5 ] 1A.5

A30. NGC 1068

NGC 1068 is the archetypical example of Seyfert 2 galaxies with hidden BLR visible in scattered, polarized light (see, e.g.,
& Miller et al. Goodrich, & Mathews The polarized Hb and Ha emission linesAntonucci 1985 ; Bailey 1988 ; Miller, 1991).

exhibit a proÐle with FWHMB 4500 km s~1. A number of attempts have already been made to detect a broad line in Brc
Lebofsky, & Rieke et al. Bra, and Pfb j4.6525 None of these studies(Thompson, 1978 ; Hall 1981 ; DePoy 1987), (DePoy 1987).

have been successful in detecting infrared emission lines that are broader than the unpolarized optical lines (FWHMB 1000
km s~1 ; et al. Our own data are displayed in No obvious broad-line emission isCecil 1990 ; Veilleux 1991b). Figure 2u.
detected at Brc. The Brc Ñux is similar to that determined by et al. and et al. The j2.121Kawara (1989) Goldader (1997). H2feature is visible in our spectrum but at a considerably lower level than the value measured by & Oliva andMoorwood (1990)

et al. Since the emission is extended in this galaxy et al. di†erences in the aperture sizes andGoldader (1997). H2 (Blietz 1994),
centering may explain some of this discrepancy.

Our K-band spectrum illustrates the difficulty in trying to detect a broad component to the infrared recombination lines of
NGC 1068. The proÐle of Brc is strongly a†ected by the underlying stellar and dust continuum that dominates the line
emission by nearly 2 orders of magnitude. An attempt was made to subtract the stellar continuum from these data using a
spectrum of the elliptical galaxy NGC 1700 obtained under identical conditions. The stellar continuum of NGC 1700 was
found to be a rather poor match to that of NGC 1068.

Failure to detect the BLR at infrared wavelengths implies large extinctions, perhaps This isA
v
(BLR)Z 100 (DePoy 1987).

consistent with the small hard X-ray luminosity of NGC 1068 (see, e.g., et al. et al. TheAwaki 1991 ; Jourdain 1994).
continuum source in NGC 1068 appears to lie behind a thick screen of material with cm~2, and only a fewNH [ 1024È1025
percent of the total hard X-ray luminosity is scattered into our line of sight et al. et al.(Miller 1991 ; Mulchaey 1992).

A31. NGC 2110 \ MCG [01-15-4

NGC 2110 is another object from the sample of X-rayÈselected active galaxies with narrow emission lines et al.(Bradt 1978 ;
et al. A spectrophotometric study of the nuclear region of NGC 2110 by revealed the presence ofWard 1978). Shuder (1980)

high-ionization lines and possibly a broad component to Ha. No broad component was detected by VLAVeilleux (1991a).
maps made at 6 and 20 cm wavelengths & Wilson reveal a radio triple radio structure aligned roughly(Ulvestad 1983)
north-south. Emission-line images of NGC 2110 et al. show emission extending 15AÈ20A in the(Wilson 1985 ; Pogge 1988)
same general direction as the radio structure.

et al. were unsuccessful in detecting a broad component to Pab. However, they used the hard X-ray measure-Rix (1990)
ments of NGC 2110 from et al. and et al. and the well-known proportionality betweenMcClintock (1978) Marshall (1979)
hard X-ray and broad Ha Ñuxes among unreddened Seyfert 1 galaxies to predict the intensity of broad Pab in NGC 2110
under the assumption that this object indeed contains an obscured Seyfert 1 nucleus ; they derived ergsF(Pab

b
)\ 4 ] 10~14

s~1 cm~2. This value is only slightly above the upper limit they determined from their spectrum. Our data (Figs. and go2v 2w)
considerably deeper. The J-band spectrum of NGC 2110 is characterized by very strong [Fe II] j1.2567 emission. The proÐle
of Pab appears broad and highly blue asymmetric. This large asymmetry is not observed in the optical proÐles (see, e.g.,

The proÐle of Pab was Ðtted with a combination of a narrow Gaussian and a broad Gaussian. The results ofVeilleux 1991a).
this Ðt are listed in These parameters should be treated with caution because they are almost certainly a†ected by theTable 3.
strong stellar continuum in NGC 2110.

An attempt was made to subtract this stellar contribution from the spectrum of NGC 2110. The spectrum of the elliptical
galaxy NGC 3379 was used for this procedure. The resulting spectrum was judged only marginally better than the original
based on the fact that important residuals still remained at the positions of a number of absorption lines. The proÐle of Pab in
the continuum-subtracted spectrum is somewhat narrower than in the original data, which makies the Ñuxes from broad Pab
uncertain. Unfortunately, the stellar continuum of NGC 2110 appears even stronger in the K band The emission(Fig. 2w).
from j2.121 is very strong, but Brc is strongly a†ected by structure in the underlying continuum. High-quality spectra ofH2template galaxies will be needed to remove the strong stellar continuum properly in NGC 2110 and reveal the true strength of
any obscured BLR.

Taking the broad-line Ñuxes listed in at face value and assuming that would have detected broadTable 3 Veilleux (1991c)
Ha if it had been half the intensity of the narrow line, [1.1, or [0.8 based on the value of andE(B[V )

b
\ 0, F(Brc

b
)/F(Pab

b
),

the lower limits on and respectively. Note that the narrow-line extinctions derived from theF(Pab
b
)/F(Ha

b
) F(Brc

b
)/F(Ha

b
),

infrared lines are systematically lower than the value derived from the Balmer decrement. This result may be another
indication that the Ñuxes of the broad lines have been overestimated.

A32. NGC 7172

NGC 7172 has been tentatively identiÐed with the HEAO A-2 hard X-ray source H2158[321 et al. Its(Marshall 1979).
nuclear emission spectrum is indicative of excitation by a power-law photoionization source et al. The large(Sharples 1984).
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narrow-line Balmer decrement in this galaxy ([6.5 ; et al. indicates substantial obscuration mag)Sharples 1984) (A
V

[ 2.5
and makes it a good target to search for an obscured broad-line AGN through infrared spectroscopy. The K-band spectrum
of NGC 7172 is shown in No J-band data were taken of this galaxy. The emission around Brc appears dominatedFigure 2x.
by continuum emission from the underlying stellar component. The j2.121 line is barely detected at 2.14 km, and only anH2upper limit to the Brc intensity could be derived. An upper limit of 6] 10~15 ergs s~1 cm~2 to the [Fe II] j1.64 Ñux was
derived by & OlivaMoorwood (1988).

A33. NGC 7212

NGC 7212 is in a system of three interacting galaxies located at a distance of 157 Mpc &(Vorontsov-Velyaminov
Arkhipova The optical spectrum of this galaxy is typical of Seyfert 2 galaxies (see, e.g., Robertis &1963 ; Wasilewski 1981). De
Osterbrock & Osterbrock Line emission extending over a scale of D30A has been reported &1986 ; Veilleux 1987). (Durret
Warin et al. and detected a broad Ha component (FWHM\ 3950 km s~1) in1990 ; Durret 1994). Tran (1992) Tran (1995a)
the polarized light of NGC 7212. This galaxy was observed in the K band No obvious broad component is observed(Fig. 2y).
in the proÐle of Brc. The proÐle of Brc is similar to that of the equally strong j2.121 feature except for the possible presenceH2of very faint wings in Brc. We derive a conservatively high upper limit to the broad Brc Ñux of 1.3 ] 10~15 ergs s~1 cm~2.
Taken at face value, this Ñux is nearly an order of magnitude larger than the value predicted from the scattered Ha Ñux of
Tran and Case B recombination. Emission from He I j2.058 and j2.223 is also visible in our spectrum. The(1995a, 1995c) H2latter feature is unusually broad ; it may be part of a blend and is probably also a†ected by the combination of residuals from
atmospheric absorption features and the underlying stellar continuum.
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