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ABSTRACT 
We observed the far-ultraviolet spectrum of the Seyfert galaxy NGC 4151 from 912 to 1860 Â with the 

Hopkins Ultraviolet Telescope during the flight of Astro-1 aboard the space shuttle Columbia in 1990 Decem- 
ber. Broad emission lines with full-width at half-maximum of ~8500 km s_1 dominate the spectrum. Numer- 
ous absorption features modify the continuum shape, particularly at wavelengths shortward of Lya. The 
continuum turns over sharply below 1000 Â and disappears by 924 Â, well above the redshifted Lyman edge 
of NGC 4151 at 915 Â. The continuum flux and the intensity of broad C iv 21549 are slightly above the 
historical mean values observed with the International Ultraviolet Explorer. Many of the spectral features in 
the 912-1150 Â range have never before been seen in a low-redshift activity galaxy, including emission from 
O vi 221032, 1037 and He n 21085, and absorption by C m 2977, N m 2991, O vi 221032, 1037, and the 
hydrogen Lyman series. The broad emission lines all have similar profiles, and their relative intensities are 
consistent with previously calculated photoionization models. The absorption lines have intrinsic widths of 
~1000 km s"1 and are blueshifted relative to the systemic velocity of NGC 4151 by 200-1300 km s-1. The 
observed equivalent widths of the C m absorption lines 2977 and 21176 require absorbing material with a 
density in excess of 109*5 cm-3. The equivalent widths of these same lines, the Si iv doublet 221393, 1402, and 
the hydrogen Lyman lines all favor a Doppler parameter b ^ 200 km s-1 for the absorbing material. Absorp- 
tion of the continuum by the converging higher order Lyman lines explains the sharp turnover of the contin- 
uum below 1000 Â. The blueshifts of the absorption lines, their large intrinsic widths, and the inferred high 
densities are all consistent with outflowing material originating in the broad-line region. 
Subject headings: galaxies: individual (NGC 4151) — galaxies: nuclei — galaxies: Seyfert — 

ultraviolet: galaxies 

1. introduction 

As the brightest and one of the nearest Seyfert 1 galaxies, 
NGC 4151 is a touchstone for understanding the structure and 
physical processes at work in active galactic nuclei. One of the 
original 12 galaxies cataloged by Seyfert (1943), NGC 4151 was 
classified as a Seyfert 1.5 by Osterbrock & Koski (1976) 
because of the prominent narrow forbidden lines in its spec- 
trum in addition to the broad permitted lines characteristic of 
the Seyfert 1 class. The emission-line profiles are complex, and 
different lines have different profiles, indicating stratification of 
the line-emitting region (Ulrich et al. 1984; Clavel et al. 1987). 
The broad lines, their profiles, and the nonthermal continuum 
all vary with time. This variability has been used to unravel 
the structure of the broad line region through studies at ultra- 
violet (Ulrich et al. 1984; Clavel et al. 1987; Clavel et al. 1991) 
and optical (Antonucci & Cohen 1983; Maoz et al. 1991) wave- 
lengths. 

The strong absorption seen in the optical, ultraviolet, and 
X-ray spectra of NGC 4151 is unique among active galaxies. 
The X-ray spectrum NGC 4151 is absorbed at low energies 

1 Center for Astrophysical Sciences, Department of Physics and 
Astronomy, The Johns Hopkins University, Baltimore, MD 21218. 

2 Institute of Astronomy, Cambridge University, The Observatories, 
Madingley Road, Cambridge CB3 0HA, England, UK. 

3 Laboratory for Astronomy and Solar Physics, Code 681, NASA/Goddard 
Space Flight Center, Greenbelt, MD 20771. 

4 Space Telescope Science Institute, 3701 San Martin Drive, Baltimore, 
MD 21218. 

by material with an inferred column density of NH = 1022 

cm-2. The absorption is incomplete, however, and ~10% of 
the continuum appears to “leak” through the absorbing 
material (Holt et al. 1980). Ferland & Mushotzky (1982) identi- 
fied the material that partially covers the ionizing source as the 
broad-line gas of NGC 4151, and argued that the widths and 
column densities inferred for the Balmer absorption lines 
(Anderson 1974) and many ultraviolet absorption lines 
(Pension et al. 1981) were consistent with this view. On the 
other hand, from an intensive study of the ultraviolet absorp- 
tion lines and their variability, Bromage et al. (1985) concluded 
that the ultraviolet absorption lines must arise in several differ- 
ent locations within and just outside the broad-line region in 
material that is distinct from that emitting the broad lines. 

The far-ultraviolet spectral region from Lya at 1216 Â to the 
Lyman edge at 912 Â is rich in spectral diagnostics, containing 
the hydrogen Lyman lines as well as the resonance transitions 
of many metallic species. Because this spectral range has been 
largely inaccessible in nearby active galactic nuclei (AGNs), 
far-UV observations of the nearest and brightest AGNs form 
one of the prime scientific programs for the Hopkins Ultravi- 
olet Telescope (HUT). To gain added insights into the nature 
of NGC 4151, we observed the far-ultraviolet spectrum of its 
active nucleus with HUT during the first flight of the Astro 
Observatory aboard the space shuttle Columbia. 

2. OBSERVATIONS AND DATA REDUCTION 

HUT comprises a 0.9 m primary mirror feeding a prime- 
focus, Rowland-circle spectrograph (Davidsen et al. 1992). The 
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dispersed photons are imaged onto a photon-counting, 
microchannel-plate detector with a phosphor-screen/Reticon- 
diode-array readout. First-order spectra cover the spectra 
range 830-1860 Â with a sampling of 0.51 Â per pixel and a 
point-source resolution of ~ 3 A. In practice, neutral hydrogen 
absorption by the interstellar medium of our own Galaxy 
limits the shortest observable wavelength to 912 Â for all but 
the nearest objects in our Galaxy. 

We observed NGC 4151 with HUT for a total integration 
time of 2188 s on 1990 December 8. The observation began 
during orbital night. Approximately 400 s of terrestrial airglow 
and background data were obtained before NGC 4151 was 
placed in the entrance aperture as the field was verified on the 
acquisition TV camera. We accumulated 900 s of data on the 
target during orbital night before the shuttle crossed the ter- 
minator into the daylight portion of the orbit where the 
airglow is much stronger. After NGC 4151 was centered in the 
18" circular aperture, the pointing was very stable, with rms 
deviations of only 2'T, as judged by the locations of guide stars 
in the HUT acquisition TV camera relative to reference fidu- 
cials; there were no excursions large enough to move the target 
out of the aperture. 

The raw HUT data were transformed into IRAF5 image files 

5 The Image Reduction and Analysis Facility (IRAF) is distributed by the 
National Optical Astronomy Observatories, which is operated by the Associ- 
ation of Universities for Research in Astronomy, Inc. (AURA), under coopera- 
tive agreement with the National Science Foundation. 

for reduction and analysis. The raw count rate data were cor- 
rected for pulse persistence in the phosphor readout. Detector 
background and grating-scattered geocoronal Lya were deter- 
mined from regions free of airglow below the 912 Â Lyman 
limit. We subtracted background and placed the spectrum on 
an absolute flux scale by dividing by the effective area curve 
developed from observations of the hot white dwarf G191-B2B 
(Davidsen et al. 1992). 

The HUT wavelength scale is linear to high accuracy. 
Analysis of airglow line positions throughout the mission 
verifies that the preflight calibration is stable on-orbit to ± 1 Â. 
Placement of a point source target in the entrance aperture can 
introduce zero-point shifts, however. The wavelength scale for 
the NGC 4151 observation was verified to be accurate to better 
than 0.3 Â by comparing the positions of narrow emission and 
absorption features in the spectrum longward of 1200 Â to 
those determined from high-resolution spectra obtained with 
the International Ultraviolet Explorer (IUE) (Bromage et al. 
1985). 

To achieve the highest possible signal-to-noise ratio (S/N) in 
the final spectrum, the orbital night data were reduced sepa- 
rately from the full NGC 4151 observation. Windows of 15 Â 
surrounding bright airglow lines in the total spectrum were 
then replaced by the corresponding intervals from the night- 
only spectrum. This eliminates most airglow features aside 
from geocoronal Lya (which is greatly reduced in magnitude) 
and weak contributions from O n 2,834 in first and second 
order, O 121304, and third order He 12584. 
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Fig* 1- The flux-calibrated spectrum of NGC 4151 obtained with HUT is shown. Geocoronal Lya has been subtracted. Identified emission and absorption 
features are marked above and below the data, respectively. Remaining airglow features in the spectrum are indicated with Earth symbols. The Lya profile in NGC 
4151 reaches a peak fluxof2.2x 10-12 ergs cm “ 2 s -1 Â “ \ which is off scale in the figure. 
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The Lya emission from NGC 4151 is blended with geo- 
coronal Lya. We developed an instrumental Lya profile from 
observations of weak sources and blank fields obtained during 
the mission. This profile was scaled to the NGC 4151 observa- 
tion using the short interval of airglow data obtained before 
the target was placed in the aperture and subtracted from the 
final spectrum. Figure 1 shows the final flux-calibrated HUT 
spectrum of NGC 4151. Identified emission and absorption 
features are marked in the figure. Many of the spectral features 
at wavelengths shortward of Lya, such as O vi 221032, 1037 
and He n 21085 in emission, and C m 2977, N m 2991, O vi 
221032, 1037, and the Lyman series in absorption, are seen for 
the first time in a low-redshift active galaxy. 

3. DISCUSSION 

Broad emission lines with FWHM ~ 8500 km s -1 from O vi 
21034, Lya, Si iv + O iv] 21400, and C iv 21549 dominate the 
appearance of the HUT spectrum of NGC 4151. Numerous 
absorption lines punctuate the continuum and the wings of the 
broad lines, particularly below 1200 Â. All identified absorp- 
tion features are blueshifted by 200-1300 km s“1 relative to the 
984 km s-1 systemic velocity of NGC 4151. Longward of Lya 
the spectrum is typical of that observed on many occasions 
with the IUE. The observed continuum flux level (fi450 = L0 
x 10“13 ergs cm-2 s-1 Â-1) and the observed flux of broad 
C iv 21549 (~3.5 x 10-11 ergs cm-2 s-1) are slightly above 
the historical mean values (Clavel et al. 1991). Shortward of 
Lya, however, the continuum shows a pronounced dip cen- 
tered at ~ 1130 Â, and then turns over sharply below 1000 Â. 
The continuum is undetectable at 924 Â, well above the red- 
shifted Lyman edge of NGC 4151 at 915 Â. This shape is not 
an instrumental calibration problem—other AGNs and hot 
stars observed by HUT have strong flux up to the Lyman limit 
of our own Galaxy (Davidsen et al. 1992). 

3.1. Emission Lines 
The broad emission lines have two distinct components— 

cores with FWHM of ~1500 km s-1, and a much broader 
component with FWHM ~8500 km s-1. The shape of the 
broad component is well described by a power law, fx ~ 
(2/20)±a with a = 49.3 for a FWHM of 8500 km s“1 (a = ln2/ 
In [1 + FWHM/2c], where c is the speed of light and FWHM 
is in km s-1). This broad component dominates the flux of 
O vi 21034, Lya, N v 21240, Si iv + O vi] 21400, and C iv 
21549, but it is not detectable in the He n lines 21640 and 

21085. These lines are dominated by the narrower core com- 
ponent which is also prominent in Lya. The narrow core is not 
evident in O vi 21034, perhaps being hidden by the strong O vi 
absorption. 

To measure the emission line intensities we fit the NGC 4151 
spectrum with a multicomponent model using a nonlinear x2 

minimization technique. We use a power law continuum and 
allow for extinction according to the mean galactic curve of 
Seaton (1979), assuming it is valid to the Lyman edge as shown 
by Voyager observations (Longo et al. 1989; Snow, Allen, & 
Polidan 1990). Gaussian components are used for the narrower 
cores of the emission lines, while the broader components are 
fitted with the power-law form given above. Absorption lines 
are assumed to absorb both the continuum and the emission 
lines, and they have Gaussian profiles. 

Table 1 gives emission-line fluxes measured from our spec- 
trum of NGC 4151. The fluxes are corrected for the best-fit 
extinction of EB_V = 0.039. For each line component we list 
the total flux, the heliocentric redshift cz, and the FWHM. We 
give the vacuum wavelengths of the lines for reference. The 
widths of the lines have not been corrected for the ~3 Â 
resolution of the instrument (750 km s_ 1 at 1200 Â). Error bars 
are computed from the covariance matrix of the fit for the 
appropriate Ax2 as prescribed by Avni (1976) for the number of 
interesting parameters. For most lines these comprise five 
parameters : the continuum flux and slope, the line flux, mean 
wavelength, and FWHM. In cases where the tabulated error is 
zero, the parameter was fixed at the given value. 

The best-fit, extinction-corrected power law for the contin- 
uum is/A = 1.7 x 10 13(2/1000 Â)"0*50 ergs cm"2 s"1 Â-1 

with EB_V = 0.039. For comparison, foreground galactic 
extinction along this line of sight is zero based on H i and 
galaxy counts (Burstein & Heiles 1978). Malkan & Sargent 
(1982) find Eb_v — 0.06 based on the strength of the 2175 Â 
absorption feature in the /(/£ spectrum, and a spectral index 
in/A of 0.8 for the optical through UV continuum. 

The detection of He n 21085 provides a diagnostic of the 
extinction toward the ~1500 km s-1 material in NGC 4151 
since He n emission is likely to be due purely to recombination 
(Kwan & Krolik 1981; MacAlpine 1981; Krolik & Kallman 
1988). This new diagnostic is significant since the reddening of 
the emission lines may differ from that of the continuum if dust 
is embedded in the clouds. Previous estimates of the extinction 
have ranged as high as EB_V = 0.24 using the narrow-line 
region [S n] lines (Wampler 1971). Our measurement of the 

TABLE l 
Emission Lines in NGC 4151 

X Flux cz0 FWHM 
Line (A) (10“14 ergs cm-2 s_1) (km s-1) (km s_1) 

O vi  1033.83 2020 ± 140 1044 ± 520 9474 ± 1025 
He ii   1085.15 17 ± 10 677 ± 196 627 ± 438 
Lya   1215.67 1600 ± 120 1019 ± 65 1673 ± 127 
Lya   1215.67 3340 ± 160 2720 ± 712 9546 ± 639 
N v   1240.15 3 ± 130 984 ± 0 8500 ± 0 
Si iv     1396.76 940 ± 59 1721 ± 510 9944 ± 710 
N iv]  1486.50 70 ± 28 807 ± 434 1878 ± 1013 
C iv  1549.05 4400 ± 230 416 ± 224 7587 ± 486 
C iv  1549.05 210 ± 78 1558 ± 182 875 ± 375 
C iv (L2 + L2')  1549.05 81 ± 37 6880 ± 695 2540 ± 609 
He ii   1640.50 180 + 31 877 + 88 1005 + 223 

Note.—All fluxes are corrected for extinction EB_V — 0.039. Entries with error bars of zero are 
fixed at the tabulated value. 
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ratio of He n 21640 to 21085 implies a 2 cr upper limit of 
EB-v <0.12 for a density of 106 cm“3 and a temperature of 
10,000 K. The upper limit is fairly insensitive to the assumed 
density and temperature. 

The ratio of broad O vi 21034 relative to broad C iv 21549 
is 0.46 ± 0.04, similar to that seen by Kinney et al. (1987) 
in intermediate-redshift quasars. The relative intensities of 
the broad components of C iv 21549, Lya, Si iv 21400, and 
O vi 21034 are all consistent with an ionization parameter log 
U = —0.75 (where U is the ratio of the density of ionizing 
photons to electrons) as suggested by the models of Ferland & 
Mushotzky (1982). 

Although the profiles of C iv, Lya, and O vi appear different 
from one another in a quick glance at Figure 1, the more direct 
comparison shown in Figure 2 reveals that they are similar. 
Here we have subtracted the best-fitting power-law continuum 
from the spectrum and superposed the line profiles in velocity 
space. All the broad-line profiles are heavily modified by 
overlying absorption and emission features, which are indi- 
cated. Allowing for these features, the profiles agree well. The 
apparent “dip” in the continuum at ~ 1130 Â is simply the 
point at which the broad O vi 21034 profile meets the blue 
wing of Lya. The broad component of Lya visible in our HUT 
spectrum was not previously visible with IUE. Clavel et al. 

th, w °f Ly.°L(a) and °r
V; ^i034^.are COmpared t0 C IV A1549- A P^r-law continuum has been subtracted as described in the text. Emission and absorption features lying in the wings of the broad lines are marked. 
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(1987) remark that there is no broad component of Lya that 
corresponds to the broad profile of C iv in the high state of 
NGC 4151. The ease of detecting broad Lya with HUT com- 
pared to IUE is entirely attributable to instrumental differ- 
ences. The short-wavelength response of HUT permits us to 
measure the continuum shortward of the blue wing of Lya, and 
the photon-counting detector allows reliable subtraction of 
geocoronal Lya from the spectrum. 

One of the C iv satellite lines first noticed by Ulrich et al. 
(1985) is also visible on the red side of the C iv profile. We see a 
broad feature centered at 1585 Â, the mean wavelength of the 
L2 21576 and L2' 21592 features. The fainter LI line at 1518 Â 
is not apparent. The intensity of the red satellite line is compa- 
rable to the mean intensity of L2 H- L2' as given by Clavel et al. 
(1987). 

3.2. Absorption Lines 
Numerous absorption features are visible in the NGC 4151 

spectrum, especially shortward of Lya. Particularly prominent 
are the hydrogen Lyman series, C m 21176, the O vi 221032, 
1037 doublet, N m 2991, and C m 2977. All these strong fea- 
tures are significantly broader than the instrumental resolution 
of ~3 Â and have intrinsic widths of ~1000 km s“1. The 
200-1300 km s_1 blueshifts of the absorption lines place them 
nearly at their rest wavelengths in the observed frame, obscur- 
ing any features due to our own Galaxy. The intrinsic breadth 
of the features, their high equivalent widths, and their variabil- 
ity in previous studies with IUE (Bromage et al. 1985) all argue 
for intrinsic absorption in NGC 4151. Table 2 lists the 
observed properties of the strongest absorption lines in the 
HUT spectrum. We list all lines with equivalent widths greater 

TABLE 2 
Absorption Lines in NGC 4151 

Line 
EW 
(Â) 

^0_ 
(km s 

FWHM 
(km s"1) 

(Svi) 
(Svi) 
Ly<5.. 
(Pu). 
Lyy.. 
Cm . 
Nm . 
Cii*. 
Lyß . 
O vi . 
Ovi . 
(An) 
(Siv) 
(Siv) 
(Pv). 
(Pv). 
Cm* 
Si ii.. 
Sin* 
Sim . 
Nv.., 
Si ii .. 
Cii .. 
Si iv . 
Si iv . 
Civ . 

933.38 
944.52 
949.74 
963.81 
972.54 
977.03 
991.00 

1010.13 
1025.72 
1031.93 
1037.62 
1048.22 
1062.67 
1073.28 
1117.98 
1128.01 
1175.70 
1191.50 
1195.50 
1206.50 
1240.15 
1260.42 
1334.53 
1393.76 
1402.77 
1549.05 

3.59 ± 1.22 
2.20 ± 1.59 
3.73 ± 0.54 
1.53 ± 0.34 
3.13 ± 0.60 
2.67 + 0.50 
2.82 ± 0.76 
1.99 ± 1.14 
3.84 ± 0.50 
3.15 ± 0.57 
2.27 ± 0.50 
1.60 ± 1.20 
2.23 ± 1.40 
1.59 ± 1.59 
1.67 ± 1.30 
2.64 ± 1.96 
2.59 ± 0.27 
1.95 ± 0.37 
1.40 ± 1.04 
2.01 ± 0.51 
6.54 ± 0.43 
2.53 ± 0.36 
2.73 ± 0.43 
3.26 ± 0.34 
1.79 ± 0.53 
3.66 ± 0.21 

260 ± 434 
260 ±0 
429 + 181 
647 ± 306 

0± 154 
-279 ± 188 

424 ± 276 
347 ± 665 
286 ± 148 
-9 ±217 
81 ±215 

137 ± 753 
714 ± 738 
564 ± 1177 
676 ± 806 
742 ± 875 
382 ± 86 

75 ± 1260 
677 ± 194 
348 ± 409 
689 ± 294 

67 ± 154 
487 ± 145 
568 ± 86 
327 ± 235 
184 ± 41 

1643 ± 1026 
1643 ±0 
1533 ± 0 
1646 ± 2159 
1533 ± 0 
1351 ± 160 
1607 ± 475 
1821 ± 1354 
1533 ± 89 
1808 ± 369 
1475 ± 376 
1653 ± 1611 
1841 ± 1340 
1867 ± 2460 
1663 ± 2409 
1920 ± 1475 
1249 ± 148 
1816 ±810 
883 ± 575 

1434 ± 649 
2274 ± 177 
1326 ± 239 
1337 ± 145 
1229 ± 133 
1229 ± 0 
976 ±64 

Note.—Absorption lines with uncertain identifications are enclosed in par- 
entheses. Lines arising from excited metastable levels are indicated by an 
asterisk. Entries with error bars of zero are fixed at the tabulated value. Note 
that the EW error bars do not represent the statistical significance of a feature, 
but rather the uncertainty in measuring the EW simultaneously with the other 
fitted parameters. All listed features are significant at > 5 <7. 

than 1.4 Â (approximately our 5 cr detection threshold) and 
label the lines in Figure 1. Lines with uncertain identifications 
are enclosed by parentheses in Table 2. 

The Doppler parameter of the absorbing material is con- 
strained by our observations of the resolved Si iv 221393,1402 
doublet and the hydrogen Lyman lines. The Si iv doublet ratio 
of 1.82 ± 0.36 (90% confidence) favors only slight saturation in 
these lines. This gives a lower limit of b > 190 km s_1 at the 
90% confidence level. Dopper parameters of ~200 km s-1 can 
also simultaneously explain the high equivalent widths in the 
higher order Lyman lines and the abrupt drop in the contin- 
uum level below 1000 Â. The continuum shape and a curve-of- 
growth analysis for the Lyman lines constrain the Doppler 
parameter to the range 150 km s-1 <b < 250 km s_1. For 
b = 200 km s-1 and a neutral hydrogen column of 2.9 x 1019 

cm-2, the blended absorption from the converging Lyman 
series is sufficient to completely obscure the continuum below 
924 Â. This is illustrated in Figure 3 where we compare the 
best-fit model including absorption by the Lyman lines to a 
model with no hydrogen absorption. Because all the Lyman 
lines fall on the flat portion of the curve of growth, however, 
the neutral hydrogen column is not well constrained. Columns 
in the range 17.8 < log NHo < 20.8 for 150 km s-1 < h < 250 
km s_1 all give acceptable fits to the Lyman line equivalent 
widths and the short wavelength turnover of the spectrum. 

Bromage et al. (1985) argue that absorption by the excited 
metastable level of C m at 21176 and its strength relative to 
C iv 21549 require this state to be collisionally populated in a 
high-density medium with ne>1010 cm-3. The equivalent 
widths measured from the HUT spectrum support this conclu- 
sion. Since strong absorption by the C m 2977 resonance line is 
also visible in the HUT spectrum, we can more fully determine 
the properties of the absorbing medium. To examine the popu- 
lations in the C m ground state 1SL and the 3P° excited state, 
we follow Bromage et al. (1985) and consider radiative tran- 
sitions from 3P° to 1SL, collisional excitation from 3P° to 3Pe, 
ip° iqb an(j collisional de-excitation from 3P° to 1SL, 

and photoionization from 3P°. This is balanced by recombi- 
nation from C iv and collisional excitation of 3P° from the 
ground state : 

nm*(^21 + + ^l) = ^2 nenlW + > 

where nm* = density in the 3P° level, nm — density in the 
ground state 1SL, nlw = density of C3+, ne = electron density, 
A21 = radiative transition probability from 3P° to 15L, 
Eg = sum of the collisional rates from 3P° to 3Pe, 1P°, 1De, and 
1SL, R, = photoionization rate from 3P°, a2 = effective recom- 
bination coefficient to 3P° (including di-electronic recombi- 
nation), and q12 = collisional excitation rate from 1SL to 3P°. 

Solving for the relative population of 3P° to 1SL, we obtain 

nm* _ (Hü + ^ll \ I( I + ^21 -|_ ^ ^ 
nm nui Zq)l\ 

To evaluate this numerically, we use collisional excitation rates 
from Dufton et al. (1981), transition probabilities from Nuss- 
baumer & Storey (1979), and di-electronic recombination coef- 
ficients from Storey (1981). For the incident flux in the 
calculation of the photoionization rate, we assume a distance 
of 1017 cm from the source and extrapolate our best-fit power- 
law spectrum. Under these assumptions Ri/A2i ~ 0.01. Since 
1P°, 1De, 3Pe, and ^ are all connected to lower levels by 
permitted radiative transitions, full collisional equilibrium is 
not achieved with the 3P° level unless the density is i>1016 
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Wavelength (Â) 
Fig. 3.—The far-UV spectrum of NGC 4151 in the 900-1200 Â wavelength range is shown to illustrate how blended absorption in the high-order lines of the 

Lyman series can effectively absorb the short-wavelength continuum. The data are shown as a histogram, and the heavy solid line shows the best-fitting power law as 
modified by extinction of EB_V = 0.039, absorption by neutral hydrogen with b = 200 km s~1 and NH = 2.9 x 1019 cm-2, and additional Gaussian absorption lines 
with parameters as given in Table 2. The dashed line shows the model without the hydrogen absorption taken into account. 

cm-3. At lower densities the maximum ratio for nm*/nm is 
nm*/nni = = 0.225 at 50,000 K. 

If we assume that nm*, nm, and nlY coexist in a homogeneous 
region, then we can directly relate the ratios of inferred column 
densities to the space densities of these species. We note, 
however, that the different velocities measured for many of the 
absorption lines suggest some stratification in the absorbing 
region. Forcing the lines to all have the same redshift leads to 
significantly worse fits to the overall spectrum. From the 
equivalent widths of C m 2977 and C iv 21549, we find a 
maximum ratio for the respective column densities of 
Nii/Viv = 1.82 at the 90% confidence level. Substituting this 
for nIV/nin under the assumption of homogeneity, we evaluate 
our expression for nm*/nm over a range of densities and tem- 
peratures typical of the broad-line and narrow-line regions. 
The results are shown in Figure 4. Over the density range 
shown, nm*/nlu reaches its maximum value for T ~ 50,000 K. 
Dashed horizontal lines show the 90% confidence lower limits 
on the column-density ratio iVin*/^iii for various assumed 
values of the Doppler parameter. One can immediately see that 
Doppler parameters exceeding 400 km s_1 are ruled out. For 
Doppler parameters in the 150-200 km s-1 range preferred by 
our analysis of the Si iv doublet and the Lyman lines, one also 
finds that a minimum density ~107 cm-3 is necessary to 
achieve a ratio of nm*/nni compatible with the lower limit on 

the inferred ratio For b = 200 km s_1, the measured 
values of the equivalent widths suggest ne > 109 5 cm-3 for 
T < 30,000 K, temperatures more typical of the line emitting 
gas in AGNs. 

Doppler parameters of ~200 km s-1 are significantly 
greater than thermal velocities within the broad line clouds, 
but they are not high enough to explain the inferred intrinsic 
widths of the absorption lines. A consistent picture of the 
absorbing region requires many clumps of dense material with 
a velocity spread of ~200 km s_1 within each clump, and 
relative velocities of ~1000 km s_1 between clumps. The 
clumps must cover a substantial fraction of the continuum 
source and of the broad-line region along the line of sight. The 
blueshifts of the absorption lines, their large intrinsic widths, 
the wide range of ionization states, and the high inferred den- 
sities suggest that the absorbing material may be the disinte- 
grating remnants of outflowing, radiatively accelerated 
broad-line clouds. Based on the similarity in line width 
between the absorption lines and the narrow core of Lya, it is 
possible that the same material is responsible for both the 
absorption lines and the ~1500 km s-1 cores of the broad 
emission lines. For a covering fraction/, the Lya emission from 
clumps with densities ne and an equivalent hydrogen column 
Nh is LLya = 4n faB ne NH Phc/À^ where r is the radius of the 
emitting region. If we take r ~ 1017 cm, just outside the broad- 
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Fig. 4.—The heavy solid lines show the logarithm of the ratio of the space 
densities of the 3P° excited metastable level of C m to the ground state as a 
function of electron density at assumed gas temperatures of 1 x 104 K, 2 x 104 

K, 3 x 104 K, and 5 x 104 K. The horizontal dashed lines are the 90% con- 
fidence lower limits on the column density ratio Nm,/Nni from our measured 
equivalent widths of C m ¿977 and C m ¿1176 for Doppler parameters 
b = 150, 200, and 400 km s_ The solid horizontal line is the inferred Nim/Nm 
ratio for b = 200 km s“1. The measured equivalent widths favor high gas 
densities and temperatures typical of broad-line cloud material in AGNs. 

line region (Clavel et al. 1987; Maoz et al. 1991), we obtain 
^Lya = 5.32 x 1041/(ne/1010 cm~3)(NH/1020 cm~2)(r/1017 cm)2 

ergs s-1. For /=1 this is comparable to the extinction- 
corrected luminosity in the narrow core of Lya of 7.4 x 1041 

ergs s~1 (for H0 = 50 km s -1 Mpc-1), but the correspondence 
may be fortuitous since the constraints on ne, NH, and the 
radius are all poor. 

The column densities we infer are insufficient to explain the 
low-energy X-ray absorption in NGC 4151 (see also Bromage 
et al. 1985). Fot b = 200 km s-1, we derive a column density 
for C+, C+2, and C+3 of 0.5 x 1015 cm-2 + 3.9 x 1015 

cm-2 + 1.1 x 1015 cm-2 = 5.5 x 1015 cm-2. Assuming this is 
the total column density in carbon and a cosmic abundance 
ratio yields a total equivalent hydrogen column of 1.7 x 1019 

cm~3. This value can be compared to the X-ray column of 
~1 x 1022 cm-2 found by Holt et al. (1980). Significantly 

more UV-absorbing material may be present along the line of 
sight, however, if it has small Doppler parameters ( < 50 km 
s-1). We cannot rule out the presence of such material, whose 
detection will require future studies of the absorption line pro- 
files at high resolution with the Hubble Space Telescope. 

4. SUMMARY 

Far-ultraviolet observations of the Seyfert galaxy NGC 4151 
with the Hopkins Ultraviolet Telescope reveal a number of 
spectral features in the 912-1150 Â range that are seen for the 
first time in a low-redshift active galaxy, including emission 
from O vi 221032, 1037 and He n 21085, and absorption by 
C in 2977, N in 2991, O vi 221032, 1037, and the hydrogen 
Lyman series. The broad emission lines all have similar 
profiles—broad cores of FWHM ~ 1500 km s -1 are accompa- 
nied by a much broader component of FWHM ~8500 km 
s-1. The relative line intensities are consistent with previously 
calculated photoionization models. Numerous broad absorp- 
tion lines of FWHM ~ 1000 km s -1 blueshifted by 200 to 1300 
km s“1 relative to the systemic velocity of NGC 4151 modify 
the appearance of the spectrum, particularly shortward of Lya. 
The continuum turns over sharply below 1000 Â and disap- 
pears by 924 Â, well above the redshifted Lyman edge. Absorp- 
tion by the converging high-order Lyman lines in material with 
a Doppler parameter b = 200 km s-1 can explain the turnover 
of the continuum. Such larger Doppler parameters are also 
consistent with the ratio of equivalent widths observed in the 
Si iv 221393, 1402 doublet and the C m lines at 2977 and 
21176. The inferred column densities of absorbing material 
producing the C m absorption lines 2977 and 21176 require a 
density in excess of 109 5 cm-3. The blueshifted absorption, the 
inferred high density of the absorbing material, and the simi- 
larity of the widths to the cores of the broad lines suggest that 
the absorbing medium is outflowing gas from the broad-line 
region. 
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