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ABSTRACT

We discuss implications of HUT detections of C m 4977 and N 1 1990 emission from the narrow-line
region of the Seyfert 2 galaxy NGC 1068. In their discovery paper Kriss et al. showed that the unexpectedly
great strength of these lines implies that the emitting gas must be shock-heated if the lines are collisionally
excited. Here we investigate other processes which excite these lines in photoionization equilibrium. Recombi-
nation, mainly dielectronic, and continuum fluorescence are strong contributors to the line. The resulting
intensities are sensitive to the velocity field of the emitting gas and require that the turbulence be of the same
order of magnitude as the observed line width. We propose optical observations that will decide whether the

gas is collisionally or radiatively heated.

Subject headings: galaxies: individual (NGC 1068) — galaxies: Seyfert — ISM: atoms — line: formation —

quasars: emission lines

1. INTRODUCTION

Emission-line regions of active galactic nuclei (AGNs) probe
fundamental questions about the nature of AGNs. Spectra of
the broad- and narrow-line regions (BLRs and NLRs,
respectively) offers clues to the chemical composition of the gas
and the origin of the AGN luminosity, questions fundamental
to the chemical evolution of galaxies and the nature of the
activity. The energy source for the emission-line regions is one
of the most fundamental, since this is pivotal in calibrating the
lines as luminosity or composition indicators.

We investigate the origin of the N 1 1990 and C m 1977
lines discovered by the Hopkins Ultraviolet Telescope (HUT)
in the spectrum of NGC 1068 (Kriss et al. 1992). Kriss et al.
showed that the lines are unexpectedly strong and cannot be
attributed to collisional excitation by a photoionized gas. Col-
lisional excitation in a shock-heated gas is one way to account
for the observed intensity. Here we show that dielectronic
recombination and continuum fluorescent excitation come
into play in a photoionized gas, and that the observations are
consistent with photoionization, and probe the velocity field of
the emitting region.

2. THE OBSERVATIONAL CONUNDRUM

We summarize the NLR spectrum of NGC 1068 and its
reddening correction, and outline the problems posed by the
intensities of the emission lines 11977, 990. We combined data
from several sources .to produce an observed UV-optical
emission-line spectrum (Table 1). For 1 < 1800 A we use the
HUT data of Kriss et al., and for A longward of 1800 A we use
the data from Snijders, Netzer, & Boksenberg (1986).

Kriss et al. (1992) show that the NLR lines have varying
widths, ranging from 1000 to 3200 km s~ !. The situation
is likely to be analogous to that of other NLRs (Halpern &
Filippenko 1984; Osterbrock & Veilleux 1987), with NLR
emission arising from a variety of locations and conditions.
Here we will focus on intermediate ionization species, C™*2,
C*3, N*2, and N*3 and model the ratios N m 1990/N 1i]
A1750, N 1v] A1486/N 1i] 41750, C m 1977/C ur] A1909, and
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C1v 11549/C m] A1909. These determine conditions for the
emitting region, and have the advantage of being insensitive to
the unknown composition of the gas. The line widths of the
N ], N i, N 1v], C 11, and C 1v line widths are within roughly
1 o of one another (the C 1] intensity is taken from Snijders et
al. 1986, and a line width is not available). We do not attempt
to model either high-ionization (i.e., O vi 11034, N v 11240, or
the He 11 lines) or neutral molecular gas.

2.1. The Reddening Problem

He 11 is the most powerful reddening indicator present in our
spectrum, because of its expected simplicity. Resonance lines
ionize H® and He®, and are destroyed before scattering often
enough to create a substantial population in the n = 2 level.
Because of this optical/UV lines remain optically thin for NLR
conditions (MacAlpine 1981). The observed He 11 lines have
very high excitation potentials (~ 50 eV), so collisional excita-
tion should be inefficient. The observed He 11 spectrum should
be close to case B (Seaton 1978).

We have two reddening indicators which sense different por-
tions of the spectrum. The He 11 14686/11640 ratio is expected
to be ~7.5, and the 11640/11085 ratio is expected to be 6.6. As
pointed out by Kriss et al. (1992), for ISM (R = 3.1) extinction
(Cardelli, Clayton, & Mathis 1989), we find two different
extinctions, A, = 0.95 + 0.05 for the 47861640 A range, and
Ay = 0.53 £+ 0.05 for the 1640-1085 A range. Either the He 11
spectrum is not well represented by case B, or the extinction
curve for NGC 1068 is anomalous. The sense of the anomaly is
that the extinction is “grayer” than expected for an R = 3.1
ISM curve in the 1085-1640 A wavelength range. This type of
gray UV extinction is observed in Orion, so, following Kriss et
al., we adopt anomalous reddening as the likely culprit.

We use the R = 3.1 curve and correct the range between the
optical and 1640 A with A, = 0.95, and wavelengths below
1640 A with the same extinction curve but with A4, = 0.53.
This is expected to be a safe assumption for the lines between
these limits, since we are interpolating on reddening corrections
which give the correct He 11 spectrum at either extreme. Unfor-
tunately, it is necessary to extrapolate the extinction curve to
the 980 A region to include N m and C 11 lines.

We judge the uncertainty introduced by this extrapolation
by comparing results from the standard ISM with results of
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TABLE 1 3.2. Bowen Fluorescence
OBSERVED AND PREDICTED EMISSION-LINE SPECTRUM Our treatment of this process is presented in Netzer, Elitzur,
Spectrum A(A) Observed!  Corrected?  Predicted?3 & Ferland (1985). This process only affects the N 11 line.
CIII 977 76+t14 2.54+0.79 2.07
Rec. 77 0.02 3.3. Continuum Fluorescence
Coll. 977 0.15 . . .
Pum 977 1.90 Both lines can be excited by continuum fluorescence. We
P . .

NIII 990 3.941.0 118 +0.42 1.22 adopt the formalism outlined by Ferlanq (1992). The essential
Rec. 990 023 approximation is that once a line is excited following absorp-
Coll. 990 0.72 tion of a continuum photon, it will scatter and be degraded
Pump 990 0.27 into subordinate lines with probability given by the branching
Hell 1085 37+1.0 0.68+0.18 — ratio. This is equivalent to the “case B” approximation for
NIV 1486 51+11 042+ 0.09 037 formation of hydrogen Lyman lines (Osterbrock 1989).
CIV 1549  39.7+3.0 3.16 +0.24 327 The radiative transition probabilities used here were
Hell 1640 214+16 4444033 - obtained from the Opacity Project database (Cunto et al
NIII] 1750 57+1.5 1.15+0.30 0.98 1993). The Be-sequence data, e.g., for C 111, were calculated by
(@11 1909  24.0%35 5.39+0.79 5.67 Tully, Seaton, & Berrington (1990), and the B-sequence data,
Hell 4686 9.0+2.0 0.59+-.13 - e.g., N 11, by Fernley et al. (1994). All C 1 excitations will
HB 4861  16.0%2.0 1.00+0.13 1.00 eventually result in a 1977 photon. The six driving transitions

! In units of ergs cm~2s~! Hz ™! at Earth.
2 Relative to HB.
3 Predicted by complete model as described in text.

Orion (R = 5.3) extinction. In the second case we derive 4, =
3.70 + 0.05 for the 4686-1640 A range, and A, = 4.90 £ 0.05
for the 1640-1085 A range. We find N mr 11990/41750 of 1.03
and 1.65, and C 1 1977/41909 of 0.47 and 0.61 for the ISM and
Orion extinction extrapolation, respectively. This uncertainty
is approximately the same as the observational uncertainty.

Column (3) of Table 1 gives the reddening-corrected spec-
trum used in the following sections, adopting the R = 3.1
curve. The uncertainties for C 11 and N 11 have been increased
to account for the uncertainty introduced by the reddening
correction.

2.2. Collisional C 11 A977/A1909 and N 1m1 21990/41750 Ratios

The C m A977/C mr] 21909 and N m A990/N m] 41750
intensity ratios are simple functions of electron temperature if
all lines are collisionally excited. If we assume that each col-
lisional excitation results in one line photon, then

<977>_ 1909 g7y _ 1909 Yory ( ﬂ)

1909/~ 977 gi900 977 Yig00 kT
71,800 K
=~ 8.0 exp <— T) .

The ¢’s represent collisional excitation rate coefficients, and the
Y’s are thermally averaged electron impact collision strengths
(Berrington 1985a, b). For photoionization equilibrium T ~
10* K, and the line ratio is less than 1%. The observed line
ratio is 0.47, corresponding to T = 25,400 + 7900 K. For
1990/41750 (Blum & Pradhan 1992) we predict 1% for 10* K,
and require T =~ 35,800 + 12,700 K to match the observed
ratio of 1.03. These high temperatures are the basis for the
conclusion that the clouds are shock-ionized.

3. N 4990 AND C m 4977 IN PHOTOIONIZED NEBULAE

Here we show that other processes contribute to these lines.

3.1. Dielectronic Recombination

Effective recombination coefficients for both lines have been
computed by Nussbaumer & Storey (1984). We adopt these
values for the present work.

that we include are the 2s? ground term to 2s2p, 2s3p, 2s4p, ...,
2s8p. The driving transitions for N 11 are the 2s22p ground
term to 2s23d, 2s%4s, 252p3p, 2s24d. Grotrian diagrams for C m
and N 11 can be found in Bashkin & Stoner (1975).

With these assumptions, the number of line photons produc-
ed by continuum fluorescence is proportional ‘'to the contin-
uum intensity at the wavelength of the driver lines and the line
width, if the line is optically thick. The line width entering the
line optical depth scale is given by

2 — 2
vDoppler - 2kT/m + Vturd »

where m is the atom’s mass and the last term is the turbulent
velocity.

For the case where there are n resonance lines in the neigh-
borhood of wavelength A, the intensity of C 11 A977 relative to
Hp is given by

g’l _ 4861 nvDoppler (pv(’{) aB
HB 977 o0H)  a(HP)

~ 2 vDoEEIer

~ 1'20<6><1000 km s“) ’

where the o’s are the HJ effective and hydrogen case B recom-
bination coefficients (Osterbrock 1989), ¢,(1) is the continuum
flux density per unit velocity (photons cm ™), and Q(H) is the
integrated flux of hydrogen ionizing photons (photons cm 2
s™1). We use the NGC 1068 continuum shape deduced by
Marshall et al. (1993). There is no explicit dependence on the
carbon abundance, other than that implicit in the assumption
that the lines are optically thick. For the assumed parameters
(six driving lines and a Doppler width of 1000 km s~!) the
predicted line ratio is roughly half of the observed value.

3.4. Computational Details

The code described by Ferland (1993) has been modified to
include continuum fluorescent excitation for all lines which can
become optically thick. The fluorescent probability (Ferland
1992) is integrated over the structure and included as an addi-
tional excitation mechanism. In this formalism turbulent line
width only enters by modifying the optical depth scale.

Continuum excitation can be an efficient heating mechanism
for the cloud (Tielens & Hollenbach 1985). This is treated by
writing, the line cooling as (n, g — n, g,;)hv, while the line inten-
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sity is n, A,; hv. The u and [ indicate the upper and lower levels
of the transition.

All of the calculations in this paper include grains. Line
destruction by background opacity is treated using the formal-
ism of Hummer (1968) and Elitzur & Netzer (1985). This
destruction probability depends on the ratio of the line-center
opacity to the background opacity, introducing another
dependence on the turbulence (the line-center opacity
decreases with line width).

3.5. Illustrative Calculations

We assume constant cloud density and solar abundances,
with ISM grains (Baldwin et al. 1991) and gas-phase deple-
tions. The abundances used were H:He:C:N:O:Ne:Na:Mg:
Al:Si:S:Cl:Ar:Ca:Fe:Co:Ni = 100,000:9500:16.25:11.37:
21.66: 5.96: 0.016: 1.63: 0.011: 0.163: 0.54: 0.006: 0.163: 0.001:
0.163:0.00005:0.00098.

Figure 1 shows the results of a series of calculations in which
the hydrogen density was held fixed at ny = 1053cm ™3, and
the ionization parameter U, the dimensionless ratio of densities
of ionizing photons to free electrons, is varied. The turbulent
line width is also varied, with values of 0, 100, and 1000 km s !
plotted.

log I(line)/I(x1909)

log I(line)/1(A1750)

-3.0 -2.5 -2.0
logU

F1G. 1.—C and N spectra as functions of ionization parameter U and turb-
ulent velocity. (a) Solid lines represent C 1m1/C 111], and dashed curves represent
C 1v/C 1], for the turbulent velocities of 0, 100, and 1000 km s~ listed from
the bottom upward for each line ratio. (b) Similar to (a), the solid curves being
for N m/N m] and the dashed curves for N 1v/N mi]. The crosses in each
diagram represent the observed ratios (vertical bars) and the estimated uncer-
tainty in the ionization parameter (horizontal bars); the solid cross represents
C m/C m] in (a) and N m/N 1] in (b), and the dashed cross is C 1v/C 1] in
(a) and N 1v/N 111] in (b).
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The C 1v/C m1] ratio is mainly sensitive to the ionization
parameter (Davidson & Netzer 1979). C u1] is not affected by
fluorescence, since it is optically thin here. C 1v is optically
thick and has a significant fluorescent component for large
turbulence, mainly from reflected continuum radiation. The
C m1/C 1] ratio is sensitive to turbulence because the C 1 line
is strengthened by fluorescence, unlike the C mr] line. Similar
arguments hold for the nitrogen spectrum, although here the
N ] and N 1v] lines are optically thin and unaffected by
turbulence. “

We see that the entire C 111, C 1], C 1v, N 111}, N 111, and N 1v
spectrum can be roughly explained for an ionization parameter
of —2.6 <log U < —2.3 and 500 km s~ ! < v, <2000 km
st

3.6. A Complete Model

We optimize a full model by varying several parameters,
including the turbulent velocity, ionization parameter, and
overall metallicity of the gas. We allow the grains and metals to
vary together, with a constant ratio, essentially assuming that
the dust-to-gas ratio scales linearly with metallicity. For
simplicity we do not investigate other continuum shapes.

We attempt to model only the intermediate ionization
region. Regions with extremes of ionization must also be
present. A complete model of the NLR must integrate over a
population of clouds with different physical conditions
(Halpern & Filippenko 1984).

The optimization uses a x? minimization to match the
observed and predicted intensities. The best-fitting parameters
were log U = —2.53, v, = 2000 km s~ !, with the metallicity
and grain abundance at 0.72 times solar. The resulting spec-
trum is given in Table 1.

The results of this modeling approach are not unique. Other
continuum shapes, or a different treatment of the reddening,
may well have led to other deduced quantities. (Tests show that
the deduced parameters are sensitive to the unknown form of
the reddening curve below 1085 A.) The good fit shows that
photoionization alone can account for the observed spectrum.

4. DISCUSSION

We have presented a general theory of the formation of the
C 1 and N 11 extreme ultraviolet lines for low-density gas. The
turbulence is introduced as a Iree parameter. Continuum fluo-
rescence is an important excitation mechanism for larger
values of the turbulent velocity field. The observed spectrum of
NGC 1068 can easily be reproduced by photoionization equi-
librium if the gas is highly turbulent, without recourse to alter-
native energy sources such as shock heating.

The introduction of line width as a free parameter intro-
duces the question of the nature of the observed line width of
NLR gas (Whittle 1993). Rotation of the host galaxy or bulk
motions of coherent objects would result in only a thermal line
width over the line of sight through a cloud to the continuum
source. The theory we outline here requires that the line
broadening exist across the line-forming region. The micro-
turbulent line broadening we require would be more appropri-
ate for a wind or chaotic motions.

This does not demonstrate that NLR gas must be photoion-
ized. An observational test to determine whether the N 11 1990
line is predominantly collisionally excited (which would
require shock heating), or has a strong contribution from fluo-
rescence and recombination as we argue, is possible. Figure 1
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of Netzer et al. (1985) shows that the N m 14640 multiplet is
also produced by the “extra” processes we describe. Pure
fluorescent excitation results in a 14640/1990 ratio which is
only a function of branching ratios. The theoretical value is
74740/2990 =~ 17.6%. High signal-to-noise optical observa-
tions of NGC 1068, and suitable limits or detection of 14640,

can determine whether the NLR is shock-ionized or photoion-
ized.
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