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ABSTRACT 
We present high-resolution spectroscopy at Pa/? of a sample of nearby Seyfert galaxies. These objects have 

been selected because of their observed steep Balmer decrements. We demonstrate the usefulness of Pa/? in 
untangling whether dust obscuration or radiative transfer effects cause the large observed Ha/H/? ratio and 
find that either mechanism can be dominant. In the cases where dust obscuration is present we find that the 
dereddened line strengths, relative to the hard X-ray flux, coincide with those found in unreddened objects. 
We propose a model for the dust distribution which accounts naturally for the frequency of severely reddened 
AGNs and their amount of reddening. 
Subject heading: galaxies: Seyfert 

I. introduction 

Our picture of an active galactic nucleus will depend strong- 
ly upon the amount of dust that lies close to it. We may see the 
nonthermal source, the broad emission-line region, or the 
narrow emission-line region through obscuration levels 
ranging from negligible to overwhelming, depending on the 
scale and geometry of the dust distribution. This dust will 
contribute thermal radiation in the infrared at wavelengths 
that might range anywhere from 2 fim to beyond 60 /mi, 
depending on the solid angle covered by dust and on the flux of 
radiation that it intercepts. Thus, the observed continuum and 
the emission line spectrum throughout virtually the entire 
ultraviolet, optical, and infrared can be influenced by dust, 
perhaps sufficiently that the underlying processes defy recogni- 
tion. A specific difficult issue is the conditions in the region 
emitting hydrogen recombination lines. It is typical for both 
the Balmer decrement and the Balmer-Lyman ratios to be 
steeper (redder) than predicted by simple recombination theory 
for optically thin gas, hereafter case B. Calculations of 
emission-line strengths influenced by radiative transfer in 
clouds at high gas densities can reproduce many of these 
effects, but reddening by dust also mimics the observed trends. 
These two extreme models and more complex ones that 
combine the effects of radiative transfer and dust reddening 
can only be tested by measurements of additional recombi- 
nation lines. Fortunately, additional observational constraints 
can be obtained from the Paschen series. As shown in Figure 1 
of Hubbard and Puetter (1985), for instance, the ratio of 
Paa/Ha is strikingly less sensitive to differences in excitation 
conditions than is the Balmer decrement. Similarly, unpub- 
lished calculations by R. C. Puetter (private communication) 
indicate that the strengths of the high level lines observed in 
the IR typically fall close to case B, regardless of the excitation 
conditions. Measurements have been made previously on Paa, 
e.g., Lacy et al. (1982), Carleton et al (1984), and Fabbiano et 
al (1986), who showed that the Balmer decrements were prob- 
ably strongly influenced by reddening in many active galaxies. 
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Lacy et al (1982), McAlary et al (1986), Rudy and Willner 
(1983), and Cutri, Rieke, and Lebofsky (1984) presented 
Paschen and Brackett line measurements of a few galaxies that 
were difficult to explain by simple reddening models, particu- 
larly Mrk 231, NCG 1275 VZw 317, and Mrk 6. Most of these 
cases are characterized by extremely steep Balmer decrements, 
suggesting that galaxies with similar behavior might be found 
by searching among this type of object. However, because Paa 
at its rest wavelength falls in strong atmospheric absorption; it 
is observable from the ground only poorly, if at all, in the 
spectra of most nearby Seyfert galaxies. Fortunately, Pa/? is 
readily accessible and relatively bright. This paper reports new 
high-resolution measurements on the Pa/? emission lines of a 
set of active galactic nuclei (AGNs) known from previous 
observations to have unusual optical line ratios: NGC 2110, 
NGC 2992, NGC 5506, Mrk 6, Mrk 744, Mrk 334, Mrk 609, 
and Mrk 423. Many of these objects show both narrow and 
broad line components of comparable strength. Therefore it is 
mandatory to obtain data with sufficiently high spectral 
resolution to analyze the narrow-line region (NLR) and the 
broad-line region (BLR) separately. 

The paper is organized as follows : § II describes the observa- 
tional procedures and the data analysis. In § III we interpret 
the line flux ratios found for the individual objects in terms of 
dust obscuration and radiative transfer effects, and in § IV we 
try to synthesize these results in the context of a dust model. 
Section V summarizes the results. 

II. NEW OBSERVATIONS 

a) Instrumental Setup 
Our observations were taken at the Steward 2.23 m Tele- 

scope and the Multiple Mirror Telescope1 during five observ- 
ing runs between 1988 October and 1989 September. All 
spectra were measured with a grating spectrometer that uses 

1 The Multiple Mirror Telescope is a joint facility of the Smithsonian Insti- 
tution and the University of Arizona. 
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two 32 element linear arrays of germanium diodes as detectors, 
read out by JFET integrating amplifiers. The combination pro- 
vides read noises of «100 electrons, quantum efficiencies 
greater than 50% between 0.9 ¡im and 1.5 /zm, and dark cur- 
rents below 10 electrons s-1. The incoming light is projected 
onto the two detector arrays through round apertures that 
have diameters of 2'.'2 and 6" and are separated by 22" and 60", 
respectively on the MMT and 2.23 m. The individual pixels fill 
this aperture, so on neither telescope is the noise degraded by a 
necessity to combine pixels into a single resolution element. 
Two gratings provide resolutions of «400 and « 1500; even at 
the high resolution, the instrument operates near the photon 
background limit over much of its spectral range. 

Data were obtained by centering the galaxy nucleus in one 
of the instrument apertures. After an exposure of typically 60 s, 
the telescope was wobbled to center the nucleus in the other 
aperture, and a second exposure was obtained. The sequence 
repeated. This strategy provides virtually a 100% exposure 
time efficiency, while monitoring the sky continuously, to mini- 
mize the effects of rapid variations in the airglow lines on the 
final sky-subtracted spectra. The observation sequence was 
continued until adequate signal to noise had been obtained, 
usually after 5-30 minutes. We will discuss the reduction and 
analysis of these data in the following section. 

b) Data Analysis 
The data reduction is straightforward. Up to the final stage 

of the data processing the data from each array are reduced 
independently. After eliminating deviant readouts, we subtract 
the sky using the average of adjacent wobbling cycles. This 
procedure leaves us with a number (typically three to 15) of 
sky-subtracted spectra which are then scaled to the average of 
their median pixel values and co-added. Co-adding these 
spectra gives us a good opportunity to estimate the noise in the 
combined spectrum by calculating the formal variance of the 
readouts at each pixel. Subsequently the same procedure is 
repeated for a bright “flat-field” star near the object on the 
sky. Ideally, this star should have a featureless spectrum in the 
spectral region of interest; for Pa/? we chose spectral types F8 
to G5. This stellar spectrum is used both to flat-field the object 
spectrum by correcting for pixel-to-pixel variations in the 
detector sensitivity and to remove atmospheric absorptions. 
Finally the flat-fielded spectra from the two detector arrays 
(which are in “ units ” of the flat-field star) are combined into a 
single spectrum. In the present set of observations the spectra 
are flux-calibrated using photometric parameters of the flat- 
field star (mF, J — V and Teff). Wherever possible we checked 
this calibration against J band photometry, obtained from the 
literature, of the same objects measured through a comparable 
aperture. The agreement is typically within 10%-15%. Since 
we are not interested in velocity measurements the wavelength 
calibration is only determined from the grating tilt. As a conse- 
quence, the wavelengths are only accurate to ~ 1 pixel. 

The equivalent widths of the emission lines, mostly Pa/?, 
were measured with a line-fitting routine written by R. Saffer. 
In the cases where the line did not show a two-component 
structure we adopted the EW of the best-fitting Gaussian. In 
the cases where we were able to decompose the line into a 
narrow and broad component, we proceeded in the following 
manner: First, we checked that a single Gaussian fit was unac- 
ceptable. Subsequently, we fitted two Gaussians simulta- 
neously, employing two boundary conditions: (1) The width of 
the narrow component must not significantly exceed the width 

of the larger of its measured optical counterpart (e.g., Ha) or 
the width of the instrumental resolution profile. (2) The cen- 
troids of both components must not differ substantially. There 
are several ways to assess the robustness of the decomposition. 
First, the software returns formal errors which have been 
found to be reasonably accurate (within a factor of 1.5). 
Second, we ensured that the program yielded the same decom- 
position starting from different initial guesses. Third, we com- 
pared decompositions of independent spectra of the same 
object. Finally, we made sure that the sum of the EWs from the 
two components added up to approximately the total equiva- 
lent width as determined from an independent low-resolution 
spectrum. The largest systematic uncertainty in this procedure 
arises from the assumption that the line profile can be rep- 
resented as a superposition of two Gaussians. Some of the 
spectra are shown in Figures 1-4. Table 1 summarizes the line 
strength measurements for the narrow and broad components 
of Pa/?, and Table 2 lists line fluxes for the corresponding 
Balmer lines, compiled from the literature. 

III. DISCUSSION OF INDIVIDUAL GALAXIES 

Our goal is to use these measurements to estimate the 
reddening and the location of any obscuring dust. The Pa/? line 
measured at the relatively high resolution and signal to noise 
of our data is useful for qualitative comparisons with the line 
fluxes in the Balmer series. Quantitative comparisons are 
somewhat hampered by the failure of most published theoreti- 
cal line intensity models to include Pa/?. However, Avrett and 
Loeser (1988) did include the line and calculated accurate 
models that included a solution of the line transfer equations in 
detail (their models 6 and 6a). Although these models showed 
very steep Balmer decrements (Ha/H/? = 6.0), their prediction 
of Paa/Pa/? « 1.7 is virtually undistinguishable from the case B 
value of «1.9-2.1 (Osterbrock 1989; Wynn-Williams 1982), 
suggesting that this ratio is insensitive to excitation conditions. 
In addition, Hubbard and Puetter (1985) find that the Paa/Ha 
ratio is relatively insensitive to excitation conditions. This 
assumption finds further support from more recent, unpub- 
lished calculations by Puetter (private communication). We 
therefore believe that the comparison of Pa/? and Balmer line 
intensities is a reasonably robust test for the presence of 
obscuration and can help identify objects where the intrinsic 
line ratios are strongly affected by radiative transfer effects. To 
illustrate, we discuss our observations and other aspects of the 
individual galaxies. 

c) NGC2110 
We obtained both low- and high-resoluion spectra of Pa/?. 

They do not show an obvious broad (>800 km s-1) com- 
ponent, with a formal upper limit on the line flux of 2 x 10“14 

ergs s-1 cm-2. Although radiative transfer effects might be 
important in a BLR, we expect the line ratios in the narrow- 
line region (NLR) to follow case B reasonably closely (Koski 
1978). Under this assumpton, the reddening toward the NLR, 
as derived from the Pa/? to H/? line ratio is in close agreement 
with that from the Balmer decrement, i.e., Av « 2.3. 

Ward et al (1987a) found a proportionality between hard 
X-ray flux and Ha in a sample of unreddened Seyfert 1 gal- 
axies, with an average of log [F(6 keV)/F(Ha)] = 7. Hard 
X-ray measurements of NGC 2110 are available from McClin- 
tock et al. (1978) and Marshall et al (1979). The strength of a 
broad Pa/? component in the galaxy can be estimated assuming 
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Wavelength in ¡i Wavelength in ¡J, 
Fig. la Fig. lb 

Fig. 1.—(a) Low-resolution spectrum (R « 400) Pa/? spectrum of NGC 5506. We indicate our decomposition of the spectrum into continuum and narrow- and 
broad-line component. The flux is given in 10" 3 Jy and the wavelength in microns. The Fe n line (at 1.26 ftm rest wavelength) is also indicated, {b) High-resolution 
spectrum (R « 1500) of NGC 5506 at Paß. The broad-line component, indicated in (a), is spread across virtually the entire spectral range of this spectrum. The 
narrow component, which is just resolved with this resolution, agrees in strength with the decomposition in (a). 

that its hard X-ray to Ha ratio is similar to that of unobscured 
Seyfert 1 galaxies, that the reddening follows a “normal” 
extinction law (e.g., Rieke and Lebofsky 1985), and that the 
hydrogen recombination line strengths can be estimated from 
case B. The result for Pa/? is 4 x 10"14 ergs s-1 cm-2. This 
value formally exceeds our upper limit, but not by a sufficient 
margin that there is a well-established conflict given the other 
uncertainties and the dispersion in the line strength-X-ray 
relation. Our data are therefore consistent with the possibility 
that this galaxy has a normal but obscured Seyfert 1 nucleus, 
but in this case we predict the detection of a broad recombi- 
nation line component of a modest improvement in sensitivity. 

d) NGC 2992 
Analyzing the spectrum of NGC 2992 we would like first to 

understand the flux ratios for the narrow lines. For our present 
discussion, we take the Balmer line ratios from the high-quality 
spectra by Ward et al (1980). The absolute flux calibration of 
these data is inconsistent with the apparently more accurate 
calibration by Shuder (1980), which is based directly on obser- 
vations in a 2''7 x 4'T beam and is therefore comparable with 
our data through a 6" beam. We therefore adopt the cali- 
bration of the latter reference. This choice is supported by the 
calibration of Durret and Bergeron (1988). 

Assuming case B line ratios for the narrow Balmer lines and 

Fig. 2.—(a) Low-resolution Paß spectrum of Mrk 334. Again, Fe n (1.26 /mi) and our line component decomposition are indicated, (b) High-resolution spectrum 
of Mrk 334 at Paß. The narrow component of the line is clearly visible, while the broad component (see a) extends over the whole coverage of the spectrum. 
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Fig. 3.—High-resolution (R « 1500) spectrum of NGC 2992 at Paß. The 
two-component structure of the line profile is evident, but the narrow com- 
ponent constitutes only a small fraction of the total line flux (contrary to the 
narrow components of the Balmer lines). Because its relatively small width 
(FWZI « 2900 km s_1) the broad-line component can be seen in this high- 
resolution spectrum. 

a normal reddening law (Rieke and Lebofsky 1985), we find a 
reddening of ä 4.5 and predict a narrow-line Paß flux of 
12 x 10“14 ergs s-1 cm-2. Ward et al (1987b) deduce a 
smaller reddening from the Balmer lines, but recalculating 
using their equation (1) and the entries in their Table 2 pro- 
duces a value in close agreement with our estimate. 

The line flux predicted above is consistent with the total line 
flux measurements of 13 x 10-14 ergs s-1 cm-2 (Ward et al 
1987b) and 11 x 10-14 ergs s-1 cm-2 (this work), but our 
high-resolution spectra show that only ~25% of the total line 
flux is in the narrow component (Fig. 3). We can suggest two 
possibilities, First, our assmption of case B line ratios might be 
incorrect. It would be unexpected that radiative transfer effects 
would significantly affect the line ratios at the densities 
expected in the NLR. However, the equivalent width of Hß of 
12 Â (Ward et al 1980) is comparable with the maximum 
equivalent absorption width that can be produced by a hot, 
young stellar spectrum, 7 Â, (Strömgren 1963), so significant 
distortion in the Balmer decrement could occur if the nuclear 
continuum is dominated by such stars. Second, the extinction 
law may differ substantially from the one we have assumed. 
Such differences are possible, perhaps even expected, in the 
vicinity of an active nucleus where the nature of the dust grains 

TABLE 1 
Paß Fluxes 

Object Total Flux Narrow Broad Continuum 

NGC 2992   10+ 1 2.4 ± 0.6 8.0 ± 1.8 30 + 3 
NGC 5506   21.4 ± 2.5 12.5 ± 1.5 8.7 ± 2.0 27 ± 3 
NGC2110   1.8 ± 0.6 1.8 + 0.6 ... 34 ± 3 
Mrk 6   13.5 ± 2.3 6.4 ± 1.3 7.5 ± 2.3 21 ± 2 
Mrk609   2.4 ± 0.8 ... ... 15 ± 2 
Mrk 744   10 ± 2 0.55 + 0.15 9 + 2.5 20 + 2 
Mrk 334   5.6 ± 0.9 1.7 + 0.4 4.0 ± 0.8 13 ± 1 
Mrk423   ... 0.6 ± 0.3 <2 10 ± 1 

Notes.—The line fluxes are given in units of 10 14 ergs s 1 cm 2. The 
continuum is given in mjy. 

Fig. 4.—Low-resolution Paß spectrum of Mrk 6. Besides Paß the Fe n 
(1.26 //m) line is indicated. The broad component of Paß is present; however, 
because of its great width and its low amplitude, its flux cannot be assessed 
accurately. 

may be modified by the extreme environment. Adopting the 
first of these hypotheses would suggest a reddening over the 
NLR of Av = 2-3 mag, estimated from the Ha/Pa/? ratio. The 
second possibility would lead to extinction that increased far 
more rapidly toward the blue than the “ normal ” law, i.e., an 
increase in R = AV/EB_V, such as might be produced by a 
population of small dust grains. This possibility would leave 
the extinction to the Balmer lines indeterminate. 

The uncertainties in extinction complicate the interpretation 
of the broad-line spectral components. Nonetheless, from the 
line fluxes in Table 1 and Table 2, we see that the relative fluxes 
of broad and narrow components increase from 1:1 at Ha to 
3:1 at Pa/?. In addition, we measured a total Pa<5 flux to be 
4 x 10~14 ergs s“1 cm-2. Estimating the narrow Pa<5 flux 
from the optical and Paß data, we find that the relative fluxes 
of broad/narrow are ä2:1. Durret and Bergeron (1988) find 
the broad/narrow ratio to be 0.9:1 at H/? and 1.6:1 at Ha in a 
long slit measurement with a slit width of 2". 

TABLE 2 
Balmer Line Fluxes 

Object (Ha), (Ha), (Hß)n (Hß)b (Hy)„ (Hy), 

NGC2992a   27 25 2.1 ... 0.4 
NGC5506a,b   28 12 5.5 ... 1.8 
NGC2110a   20 ... 3.4 ... 1.1 
Mrk 6C  44 192 9.3 23 3.1 7.8 
Mrk 609d   8.6 23 1.4 3.0 0.4 
Mrk 744e   12 108 4.5 13   
Mrk 334f   16 18 3.2   
Mrk 423g   3.3 21 0.7 2.1   

Notes.—The subscripts n and b refer to the narrow and broad component 
of the emission lines. Fluxes are given in 10"14 ergs s"1 cm-2. 

a From Shuder 1980. 
b Total Ha flux from Shuder 1980. 
c Line ratios from Koski 1978, calibration from Yee 1980. 
d From Rudy et al 1988. 
e From Goodrich and Osterbrock 1983. 
f From Dahari 1985. 
g From Rudy et al 1985. 
Decomposition in broad and narrow component : this paper. 
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Although there are some variations in observational circum- 
stances and probably in methods of deblending the line com- 
ponents, the data show an increasing importance of the 
broad-line component while going toward longer wavelengths. 
Particularly given the likely insensitivity of Paß/Hß to radi- 
ative transfer effects, this result argues that dust absorption is 
responsible to first order for the unusual observed broad-line 
ratios and that the extinction is significantly higher over the 
BLR than over the NLR. Indeed, from our measurements we 
can make the rough estimate that the extinction toward the 
BLR is ~ 2 mag greater than that over the NLR, or Av « 5. 

Once the broad- and narrow-line components have been 
dereddened by the appropriate amounts, the emission-line 
properties of NGC 2992 agree well with the ones of “ normal ” 
unreddened Seyfert 1 galaxies (or Seyfert 1.5 galaxies). As an 
additional confirmation, we find that dereddening for Av = 5 
reduces the ratio of the hard X-ray flux to the Ha line flux, 
log [F(6 kev)/F(Ha)], from 224 to 6, in good agreement with 
the mean value of 7 which Ward et al (1987a) found for a 
sample of unreddened Seyfert galaxies. 

e) NGC 5506 
Both low- and high-resolution spectra of this object were 

obtained during three different observing periods, leading to 
the detection of a broad (FWHM « 2800 km s-1) component 
of the Pa/? line (see Fig. la). This measurement shows 
the existence of a—previously suspected—BLR. One of us 
(N. P. C.) obtained a very high S/N spectrum between Hß and 
Ha which shows a weak broad Ha component, which consti- 
tutes ~25% of the total flux. 

The strength of the narrow component of Pa/? (see Fig. lb) 
confirms the NLR extinction estimates derived from the 
Balmer lines, yielding Av « 3.3 mag. The relative strengths of 
broad- and narrow-line components then suggest that there is 
additional obscuration toward the BLR of Av = 1-2 mag. 
Although this quantitative extinction estimate is based on case 
B line ratios, it seems almost certain that dust obscuration of 
the BLR is primarily responsible for the deviation of the line 
ratios from those in other Seyfert galaxies, since most model 
calculations predict Ha to be enhanced with respect to the high 
level lines relative to the case B predictions. 

This interpretation is not in conflict with the nondetection of 
a broad Bry component (Moorwood 1989). The equivalent 
width of any broad Bry component can be predicted from our 
Pa/? measurements : if we assume one additional magnitude of 
visual extinction toward the BLR, then the broad and the 
narrow component of Bry are expected to have the same equiv- 
alent width. However, because of its much greater width the 
peak amplitude of the broad line would be only 20% of that of 
the narrow component. Thus Moorwood’s (1989) spectra, in 
which the narrow Bry line is detected, do not seem to impose a 
stringent limit on the broad component. 

Accepting the hypothesis of dust obscuration of the BLR, we 
estimated the dereddened strength of the broad Ha line from 
the measured Pa/? strength (assuming an extinction of Av = 5 
mag). As with NGC 2992, this dereddened line flux again fits 
the log [F(6 keV)/F(Ha)] relation determined for unreddened 
Seyfert 1 galaxies. 

/) Mrk 334 
Dahari (1985) published an optical spectrum of this object 

and classified it as a Seyfert 1.8 galaxy. The narrow com- 
ponents of Hß (see Fig. 2b), Ha and Pa/?, yield a consistent 

picture, assuming Av& 1 mag toward the NLR. While for Ha 
the ratio of broad to narrow flux is unity, for Pa/? the broad 
component is more than twice as strong as the narrow one (see 
Fig. 2a). As in NGC 2992 and NGC 5506, again we find an 
increase of the broad component compared to the narrow one, 
arguing for dust reddening as the cause of the weak broad 
lines. Assuming standard intrinsic line strengths for Ha and 
Pay?, we find an additional 1-1.5 mag of extinction toward the 
BLR. A hard X-ray detection of this galaxy was extracted from 
the HEAO A-l data base as described by Rieke (1988). Com- 
paring the dereddened Ha flux to the hard X-ray emission 
(800 ± 200 x 10-14 ergs s-1 cm-2) yields a ratio of 9, again in 
agreement with the value found for nearby unobscured AGNs. 

g) Mrk 6 
On three different observing runs, we obtained high- and 

low-resolution spectra of Pay? which allowed a separation of 
the two line components (one of these spectra is shown in Fig. 
4). The strength of the narrow component confirms the esti- 
mate from the Balmer lines of the extinction toward the NLR : 
Av = 2 mag. However, the observed steep Balmer decrement 
for the broad component (Koski 1978) cannot be explained by 
dust reddening. For example, for Ha the broad component is 4 
times as strong as the narrow one (Koski 1978), whereas for 
Pay?, the two components are of almost equal strength. From 
reddening, we expect just the opposite behavior, as seen in 
NGC 2992, NGC 5506, and Mrk 334. This.argument might be 
weakened by the variability of the broad lines (McAlary et al. 
1986) and our lack of an optical spectrum simultaneous with 
the infrared observations. However, if we assume that the 
Balmer decrement is constant and use measurements of broad 
Hy? to estimate the broad Ha line flux, the same problem per- 
sists at the weakest level of broad line flux observed (McAlary 
et al. 1986). 

This result is consistent with the previous (low-resolution) 
measurements of Bry, Paa, and Pay? by McAlary et al. (1986), 
who did obtain nearly simultaneous optical data. Their mea- 
surement of the total Pay? flux agrees well with ours, so we can 
ignore BLR variability in our comparison. Using the available 
narrow-line fluxes (including Pay?) and assuming that they 
obey case B with an extinction of 2 mag, we can predict the 
narrow line Paa and Bry fluxes and compare them with the 
integrated line intensities observed by McAlary et al. In both 
cases, the narrow lines account for about two-thirds of the 
total line flux, whereas for Hy? McAlary et al. found that the 
narrow line accounted for less than half the total line flux. 
Again we conclude, in contradiction with the hypothetical 
presence of substantial extinction, that the relative importance 
of the broad line components do not increase toward longer 
wavelengths. Our work therefore confirms the conclusion of 
McAlary et al. (1986). 

These results suggest that the extinction toward the BLR in 
this galaxy is no more, and quite probably less, than that to the 
NLR. If we are looking at Mrk 6 nearly along the axis of the 
central source pattern, and if peripheral matter (e.g., dust and 
low-density gas clouds) is swept out along this axis, a clear 
view to the innermost regions might result. If the narrow-line 
material is located in a quasi-toroidal region around the axis, 
we may except that there will be some dust associated with it. 
High-resolution images of NGC 4151 and NGC 1068 (Ebstein, 
Carleton, and Papaliolios 1989) show that the narrow-line 
emission is extended bidirectionally along the radio axis, but 
appears to lie on either side of the axis itself. If the motion of 
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the gas is radial, then we might expect to see large velocities in 
Mrk 6 if we are looking along the axis, and indeed the [O m] 
25007 line has very broad wings (Vrtilek and Carleton 1985). 

h) Mrk 744 
The optical spectrum of this Seyfert 1.8 galaxy was originally 

discussed by Goodrich and Osterbrock (1983). These authors 
found that there is no evidence for reddening toward the NLR, 
which is confirmed by our measurement of the narrow Pa/? 
component. The flux of the broad Pa/? is just what one expects 
from standard line ratios (without reddening) when compared 
to H/? but is much too weak when compared to Ha. This 
strongly argues against dust reddening as the cause of the steep 
Balmer decrement of 8.4, but rather indicates that radiative 
transfer effects enhance Ha. Thus Mrk 744 appears to be a case 
similar to Mrk 6. 

i) Mrk 609 
For this object, originally classified as a Seyfert 1.8 galaxy 

(Osterbrock 1981), we measured a total Pa/? flux of 
2.4 x 10~14 ergs s “1 cm _ 2, but we were not able to decompose 
the line flux unambiguously into narrow and broad com- 
ponents. 

From the published optical spectra (Rudy, Cohen, and Ake 
1988) it seems possible that the measured Balmer decrement is 
substantially afflicted by the underlying absorption of the 
stellar component. However, if we assume that most of the Paß 
flux arises from a narrow component, then Paß, together with 
the narrow Balmer lines (Rudy et al. 1988; Osterbrock 1981), is 
well fitted with case B line ratios and a reddening of Av & 3 
mag for the NLR. 

This result is quite remarkable in the light of the convincing 
argument by Rudy et al (1988) that the reddening for the BL 
and the nonstellar continuum must be small. Assuming case B 
ratios, they found Av = 0.3 from the Lya/H/? ratio. Even 
extreme models to maximize the intrinsic value of this ratio 
(Rudy, Cohen, and Ake 1988) were found to demand Av < 1 
mag. Similarly, unless the continuum is assumed to be bluer 
than any other known AGN, it is required than Av < 0.3 mag. 
Thus, we must conclude that Mrk 609 is another case like Mrk 
6, where the NLR is more affected by reddening than the BLR 
and continuum source and the steep and variable Balmer dec- 
rement in the BLR is strongly influenced by radiative transfer 
effects (Osterbrock 1981 ; Rudy, Cohen, and Ake 1988). 

j) Mrk 423 
Rudy, Cohen, and Puetter (1985) concluded from the 

absence of a broad Lya component that reddening must be at 
least partly responsible for the steep Balmer decrement in the 
broad lines of this Seyfert 1.9 galaxy. They estimate extinction 
values for the BLR of 1.1 < v4F < 3.4. Our nondetection of a 
broad Pa/? component is consistent with this picture; however, 
the upper limit on the Pa/?/H/? ratio implies Av < 2.3 mag. The 
extreme line width (FWZI « 20,000 km s- x) of the broad com- 
ponents, which is of the order of the spectral coverage of our 
spectrometer for a single grating setting (in low-resolution 
mode), complicates the definition of the continuum and does 
not allow us to set more stringent limits on the broad Pa/? 
component without obtaining higher quality data. Rudy, 
Cohen, and Puetter (1985) suggest that the extinction to the 
NLR and stellar continuum is less (Av < 0.9) than that to the 
BLR. Our limit on the narrow Paß is not sensitive enough to 
provide an independent test of this possibility. 

IV. DISCUSSION OF OVERALL BEHAVIOR 

As it has been discussed extensively in the literature (see, e.g., 
MacAlpine 1985) there are three main reasons for the hydro- 
gen line ratios to deviate from “canonical” case B values: 
First, high density and radiative transfer effects in the emitting 
gas can cause very substantial changes in the intrinsic line flux 
ratios. Second, underlying stellar absorption features can 
change the measured line ratios. Third, dust reddening can 
drastically alter the observed line fluxes, in the sense of sup- 
pressing the lines at shorter wavelengths compared to the 
“ redder ” lines. 

In our sample of eight AGNs, which was selected on the 
basis of exceptionally steep Balmer decrements, we found all 
three effects to be present. We found that Pa/? spectroscopy is 
an effective tool to untangle these various alternatives: We 
were able to show (or, in some cases, confirm) (1) that the 
intrinsic Balmer decrement is steep for Mrk 6, Mrk 744 and 
Mrk 609, (2) that the underlying stellar spectrum is important 
(NGC 2992 and Mrk 609) and (3) that substantial dust obscur- 
ation, in particular of the BLR, is present (in NGC 2110, NGC 
2992, NGC 5506, Mrk 334, and Mrk 423). 

We find that the broad line ratios for Mrk 6, Mrk 744 and 
Mrk 609 are well within the range predicted by Hubbard and 
Puetter (1985), if Pa/? is affected similarly to Paa (Avrett and 
Loesser 1988). However, any quantitative discussion of these 
line ratios is severely hampered by the fact that hardly any 
theoretical models include Pa/?. Therefore we restrict ourselves 
for now to a plea for inclusion of the Paß flux in BLR models, 
since we have demonstrated that it can be measured with high 
resolution («1500) at the flux levels of interest («10-14 ergs 
s_1 cm-2). In the remainder of this section we will concentrate 
on the role of dust in these AGNs. 

For the four (possibly five) cases for which we find dust 
obscuration to be present, the dereddened line strengths show 
these objects to agree well in their broad-line properties with 
Seyfert 1 galaxies (or Seyfert 1.5 galaxies). 

Let us consider four cases for the distribution of the dust 
that obscures the broad-line regions in galaxies such as NGC 
2992, NGC 5506, and Mrk 334: (1) The obscuring dust lies in 
the plane of the galaxy well in front of the nucleus. (2) It is 
distributed in the extension of the disk into the bulge around 
the nuclear region, similar to the material in Sgr A, B, and C in 
the Milky Way. (3) The dust is distributed throughout the 
region very close to the active nucleus. (4) It is in a ring struc- 
ture (similar to the 4 pc diameter molecular ring around the 
Galactic center) around the active nucleus. Three observa- 
tional constraints are useful in testing these models: (1) the 
measured optical and infrared hydrogen recombination line 
strengths; (2) the spectral energy distributions of the galaxies; 
and (3) statistical arguments regarding the prevalence of 
Seyfert galaxies with broad-line regions. 

The first class of model may be difficult to reconcile with 
statistical considerations. The covering factor for the obscuring 
dust can be estimated by noting that Ward et al. (1988) find 
from a complete sample of 34 hard X-ray Seyfert galaxies that 
four (NGC 2992, 5506, 7413, and 7582) have characteristics 
suggestive of very heavy reddening of the BLR. Here and 
below, we will assume from these statistics that ~ 10% of the 
sky as viewed from the nucleus is covered by heavily obscuring 
dust. A typical scale height for dust in galactic planes can be 
estimated to be less than 100 pc, both from the IRAS images of 
the Milky Way (Hauser et al. 1984) and from 2 /mi images of 
external galaxies (unpublished data). The axial ratios of these 
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four galaxies are 2.5-3.5, indicating inclinations of no more 
than 650-75°. An inclination of 70° and scale height of 100 pc 
would place the obscuring dust clouds within «0.5 kpc of the 
nucleus, well inside the plane of the galaxy. 

The second class of model is clearly compatible with these 
statistics, since the radial scale of 0.5 kpc derived above is an 
appropriate one for circumnuclear clouds. In this model, varia- 
tions in the amount of dust overlying different parts of the 
nucleus from our vantage point are responsible for the 
observed variations in extinction. A simple form of such 
models would have the narrow-line region lie behind two 
zones, the first with moderate and the second with heavy 
extinction. The nucleus would lie behind the second zone. 

Such models can be tested under the assumption that there 
are case B hydrogen recombination line ratios in the NLR. A 
specific model of this type for NGC 5506 would have extinc- 
tions of Av = 2.65 over half the NLR and Av = 5 over the 
BLR and remaining NLR. This model provides an excellent fit 
to the observed narrow-line ratios shown in Tables 1 and 2. 
Given the free parameters afforded by more complex versions 
of this class of model, it is likely to remain consistent with 
much more complete line strength measurements. 

An extension of this model would also be consistent with the 
observations of Mrk 6, which is viewed more nearly face on. 
Here the NLR seems to be affected by dust but the BLR less so. 
Since this model predicts a dust distribution concentrated in 
the disk of the galaxy, it seems plausible that we can get an 
unobscured view of the central region in more face on objects 
(Mrk 6, Mrk 744, and Mrk 609). 

In the third class of model, the additional reddening of the 
BLR arises in clouds of dust that lie around the BLR inside the 
NLR. We would associated this dust with the hot thermal 
source component that typically dominates the spectra of type 
1 Seyfert galaxies near 3.5 fim (e.g., Lebofsky and Rieke 1979; 
Carleton et al. 1987; McAlary and Rieke 1988). However, this 
type of model would require that heavily obscured BLRs 
should be found in a significant subset of reasonably face on 
Seyfert 1 galaxies. However, for all known face on galaxies with 
steep Balmer decrements (NGC 1275, Mrk 231, VZw 317, Mrk 
6, Mrk 744, and Mrk 609), the decrements appear to arise from 
radiative transfer effects, not obscuration. In this class of 
model, it is also difficult to account for the behavior of Mrk 6, 
where the BLR is subject to less obscuration than the NLR. 

The fourth model avoids the difficulty in the preceding case 
by localizing the circumnuclear dust. However, it should be 
kept in mind that the molecular ring in the Galactic center is 
tilted significantly out of the plane of the galaxy, by ~25° to 
our line of sight (Genzel 1989); hence, there would be little 

expectation that the behavior of these galaxies would be 
strongly correlated with their inclinations, and in some cases 
one would expect to find heavily dust-obscured BLRs in mod- 
erately face-on galaxies. Mrk 334 (i = 40°) might provide such 
an example; it would be useful to search for other galaxies 
similar to it. 

Thus, for the dust reddened AGNs, the most likely location 
of the dust is in the circumnuclear region but perhaps not 
particularly close to the active nucleus, corresponding to the 
second model proposed above. 

V. CONCLUSIONS 

The main conclusions of this work can be summarized as 
follows : 

1. We have demonstrated the feasibility of high-resolution 
Paß spectroscopy for a sample of intermediate Seyfert galaxies 
and have shown the usefulness of these measurements to test 
whether dust obscuration is the main reason for the unusual 
Balmer line ratios observed in these objects. 

2. A detailed analysis of line ratios including Pa/? is difficult, 
because this line is not explicitly included (or published) in 
most theoretical models. We argue the inclusion of Pa/? in all 
models of BLRs published in the future. 

3. In our sample of intermediate Seyfert galaxies with steep 
Balmer decrements we found three types of behavior to be 
present : (a) The Balmer decrement is intrinsically steep due to 
high gas densities or radiative transfer effects; dust obscuration 
does not play an important role, (b) The hydrogen line ratios of 
the broad components can be explained by additional 
reddening between the NLR and the BLR. (c) It is possible that 
the NLR is more heavily obscured than the BLR. 

4. The frequency and strength of dust obscuration in Seyfert 
galaxies can be best explained by assuming a circumnuclear 
dust distribution very similar to the one found in our own 
galaxy. 

We would like to thank Doug Kelly for his extensive and 
valuable help with the observations. This work was partly sup- 
ported by NSF grants AST-8822297 and AST-8715236. 

Note added in manuscript.—The results presented in this 
paper are roughly consistent with Paß flux measurements at a 
substantially lower spectral resolution obtained independently 
for some of the objects by Goodrich (1990) and Blanco, Ward, 
and Wright (1990). In the cases where there is some disagree- 
ment, this can be attributed to the lower resolution and sensi- 
tivity of their measurements. 

REFERENCES 
Avrett, E. H., and Loeser, R. 1988, Ap. J., 331,211. 
Blanco, P. R., Ward, M. J., and Wright, G. S. 1990, M.N.R.A.S., 242, 4p. 
Carleton, N. P., Willner, S. P., Rudy, R. J., and Tokunaga, A. T. 1984, Ap. J., 

284 523. 
Carleton, Ñ. P., et al. 1987, Ap. J., 315,74. 
Cutri, R., Rieke, G. H., and Lebofsky, M. J. 1984, Ap. J., 287,566. 
Dahari, 0.1985, Ap. J. Suppl., 57,643. 
Durret, F., and Bergeron, J. 1988, Astr. Ap. Suppl., 75,273. 
Ebstein, M. S., Carleton, N. P., and Papaliolios, C. 1989, Ap. J., 336,103. 
Fabbiano, G., Willner, S. P., Carleton, N. P., and Elvis, M. 1986, Ap. J. 

(Letters), 304, L37. 
Genzel, R. 1989, in I AU Symposium 136, The Center of the Galaxy, ed. 

M. Morris (Dordrecht : Kluwer), p. 393. 
Goodrich, R. W. 1990, Ap. J., 355,28. 
Goodrich, R. W., and Osterbrock, D. E. 1983, Ap. J., 269,416. 
Hauser, M. G., et al. 1984, Ap. J. (Letters), 278, L15. 
Hubbard, E. N., and Puetter, R. C. 1985, Ap. J., 290,394. 

Koski, A. T. 1978, Ap. J., 223,56. 
Lacy, J., et al. 1982, Ap. J., 256, 75. 
Lebofsky, M. J., and Rieke, G. H. 1979, Ap. J., 229, 111. 
MacAlpine, G. M. 1985, in Astrophysics of Active Galaxies and Quasi-Stellar 

Objects, ed. J. S. Miller (Mill Valley, CA: University Science Books), p. 259. 
Marshall, F. E., Boldt, E. A., Holt, S. S., Mushotzky, R. F., Pravdo, S. H., 

Rothschild, R. E., and Serlemitsos, P. J. 1979, Ap. J. Suppl., 40,657. 
McAlary, C, et al. 1986, Ap. J., 301,105. 
McAlary, C, and Rieke, G. H. 1988, Ap. J., 333,1. 
McClintock, J. E., Bradt, H. V., Cañizares, C. R., Kelley, R. L., van Paradijs, J., 

and Koski, A. T. 1978, Bull. A.A.S., 10,424. 
Moorwood, A. F. M. 1989, preprint. 
Osterbrock, D. E. 1981, Ap. J., 249,462. 
 . 1989, Astrophysics of Gaseous Nebulae and Active Galactic Nuclei (Mill 

Valley, CA: University Science Books), p. 84. 
Rieke, G. H. 1988, Ap. J. (Letters), 331, L5. 
Rieke, G. H., and Lebofsky, M. J. 1985, Ap. J., 288,618. 

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



19
90

A
pJ

. 
. .

36
3.

 .
48

O
R

 

INTERMEDIATE SEYFERT GALAXIES 487 No. 2, 1990 

Rudy, R. J., Cohen, R. D., and Ake, T. B. 1988, Ap. J., 332,172. 
Rudy, R. J., Cohen, R. D., and Puetter, R. C. 1985, Ap. J. (Letters), 288, L29. 
Rudy, R. J., and Willner, S. P. 1983, Ap. J. (Letters), 267, L69. 
Shuder, J. M. 1980, Ap. J., 240,32. 
Strömgren, B. 1963, in Stars and Stellar Systems, Vol. 3, Basic Astronomical 

Data, ed. K. A. Strand (Chicago : University of Chicago Press), p. 387. 
Vrtilek, J. M., and Carleton, N. P. 1985, Ap. J., 294,106. 
Ward, M. J., Pension, M. V, Blades, J. C, and Turtle, A. J. 1980, M.N.R.A.S., 

193,563. 

Ward, M. J., Elvis, M., Fabbiano, G., Carleton, N. P., Willner, S. P., and 
Lawrence, A. 1987a, Ap. J., 315,74. 

Ward, M., et al. 1987h, Ap. J., 316,138. 
 . 1988, Ap. J., 324,767. 
Wynn-Williams, C. G. 1982, in Galactic and Extragalactic Infrared Spectro- 

scopy, ed. M. F. Kessler and J. P. Phillips (Dordrecht: Reidel), p. 133. 
Yee, H. K. C. 1980, Ap. J., 241,894. 

N. P. Carleton: Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138 

Marcia Rieke, George Rieke, and Hans-Walter Rix: Steward Observatory, University of Arizona, Tucson, AZ 85721 

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


	Record in ADS

