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ABSTRACT

We discuss the probable detection of broad Ne vii 1774 emission from the z, = 0.978 quasar PG
1148 + 549, and we use spectral synthesis calculations to study the physical conditions in the line-forming gas.
The theoretical predictions and the measured line wavelength both support Ne vin 4774 as the most likely
identification.

Our calculations show that Ne vin 1774 forms in hotter and more highly ionized gas than previously recog-
nized in the broad emission line region. If the gas is photoionized by a standard active galactic nucleus con-
tinuum, the observed Ne vin equivalent width, the Ne vii/O vi flux ratio, and the assumption of cloud
stability imply ionization parameters 5 < U < 30 and temperatures 5 x 104 K < T, <2 x 10° K. The large
Ne vin equivalent width also suggests that the emitting clouds cover 21 of the continuum source and have a
total hydrogen column density Ny = 10?2 cm~2. If the gas is instead collisionally ionized, Ne vin could reside
in stable clouds with equilibrium temperatures near 8 x 10° K. In either case, the Ne vin—emitting clouds will
appear as X-ray “warm absorbers” if they lie along our line of sight to the X-ray continuum source.

Line thermalization can greatly lower some of the line fluxes and alter the line ratios. For example, C 1v
A1549 can be thermalized easily, with doublet emission ratios 11548/A1550 near unity. However, our calcu-
lations indicate that Ne vin A774 is not thermalized and that its doublet emission ratio should be 1770/
A780 =~ 2. Future observations of the widely separated Ne vin doublet would test this prediction and constrain
the space and column densities in the Ne vir emitting region.

Finally, temperatures in the Ne vin gas may be in the range needed for optically thin models of the UV
continuum, i.e., the “big blue bump.” However, the diffuse thermal continuum flux from the Ne vin—emitting
region falls well short of the observed continua unless the measured lines are severely suppressed by thermali-
zation at densities =5 x 10'2 cm™3. This result supports Kriss’s claim that the optically thin blue-bump

models have the serious problem of overpredicting the UV metal line fluxes.

Subject headings: galaxies: ISM — line: formation — line: identification — quasars: emission lines —
quasars: individual (PG 1148 + 549) — ultraviolet: galaxies

1. INTRODUCTION

PG 1148+ 549 (V = 15.8 mag) is a radio-quiet QSO, dis-
covered in the Palomar Bright Quasar Survey (Schmidt &
Green 1983; Kellermann et al. 1989). Published spectra of this
source obtained with the IUE satellite show the usual broad
emission lines (BELs) in the UV, including Lya, C 1v 11549,
N v 11240, and O vi 41034 (Kinney et al. 1991; Lanzetta,
Turnshek, & Sandoval 1993). Tytler & Fan (1992) measured an
emission redshift of z, = 0978 from ground-based obser-
vations of its C 1] 41909 and Mg 11 12798 line peaks.

The existing IUE spectra of PG 1148 + 549 contain a pre-
viously unreported broad emission feature at ~1500 A
(observed) that could be the very high ionization line Ne vi
A774. This line is the counterpart of the more readily observ-
able C 1v, N v, and O v1 transitions in the lithium isoelectronic
sequence, but Ne vir 1774 has not yet been clearly identified in
any active galactic nucleus (AGN—we consider the class of

! Hubble Fellow.
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AGN:Ss to include QSOs and the less luminous Seyfert galaxies).
However, recent studies of Hubble Space Telescope (HST)
spectra suggest that Ne vir emission could be quite common
(Cohen et al. 1995; Hamann, Zuo, & Tytler 1995b). We are
now pursuing HST observations to test the Ne v identifica-
tion and determine the strength and frequency of Ne viil emis-
sion in QSO samples.

In this paper we discuss the IUE spectrum of PG 1148 + 549
and explore the general implications of Ne vinn 1774 emission.
There are several reasons why this line deserves special atten-
tion.

1. The ionization energy required for Ne v, 207 eV, is con-
siderably larger than the energies needed for other well-known
ions in the broad emission line region (BELR). For example,
C 1v, N v, and O vi1 require energies of only 48, 77, and 114 eV,
respectively. Therefore, Ne vin 4774 would identify a much
higher ionization component of the BELR than previously rec-
ognized.

2. The ionization implied by Ne v is consistent with that
of X-ray “warm” (ionized) absorbers measured in many
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nearby AGNs (Netzer 1993; Shields, Ferland, & Peterson
1995; Hamann et al. 1995a; see also § 6.2). The X-ray warm
absorbers are characterized by O vt or O vir absorption
edges at ~0.8 keV or by X-ray continuum opacities that vary
inversely with the X-ray flux (Halpern 1984; Krolik &
Kallman 1984; Netzer 1993; Fiore et al. 1993; Nandra &
Pounds 1994). Recently, Shields (1994) and Shields et al. (1995)
described how these optically thin, warm absorbers might con-
tribute significantly to the UV emission lines. George, Turner,
& Netzer (1995) observationally linked the highly ionized emis-
sion and absorption regions via simultaneous detections of soft
X-ray O vii-O vl emission lines and bound-free edges in the
AGN NGC 3783. Similarly, Kaastra, Roos, & Mewe (1995)
reported the presence of Ne vii—-Ne viil emission lines at ~ 88
A in another AGN with X-ray O vii—-O v absorption, NGC
5548. Mathur et al. (1994) and Mathur (1994) claimed that the
highly ionized X-ray absorbers also produce associated (z, &
z,) UV absorption lines in at least two QSOs. That connection
is supported by measurements of associated Ne vin 1774
absorption in one z, = 2.15 QSO, UM 675, where the time-
variable lines require absorption within 200 pc of the contin-
uum source (Hamann et al. 1995a; Junkkarinen et al. 1995).
Searches for broad Ne vin 1774 emission could test the
hypothesis that all of the highly ionized absorbing regions are
part of, or related to, the BELR (Shields 1994).

3. Ne vin 1774 emission might also trace the gas responsible
for the UV continuum, i.e., the “big blue bump” (BBB), in
AGN spectra. The BBB is generally described as thermal radi-
ation from either an optically thick accretion disk (Malkan &
Sargent 1982; Laor & Netzer 1989) or an optically thin region
that reprocesses high-energy photons into the optical and
near-UV (Antonucci & Barvainis 1988; Ferland, Korista, &
Peterson 1990; Ferland & Rees 1988; Barvainis 1993). We will
show below that the temperatures and column densities
needed for Ne vinl emission (and absorption) might be in the
range needed for optically thin models of the BBB, but that the
diffuse continuum flux from the Ne vin gas is too weak to
explain the BBBs unless the lines are severely suppressed by
thermalization at high densities.

4. Finally, Ne vin 1774 is actually a widely separated
doublet, whose components at ~770 A and ~780 A are
~3850 km s~ ! apart and potentially resolvable in AGN
spectra. Observations of this doublet ratio would constrain the
amount of line thermalization and thus the space and column
densities in the hot BELR.

We will elaborate on these points below. First, we describe
in § 2 the IUE spectrum of PG 1148 4+ 549. In § 3 we present
our measurements of the lines and discuss possible alternatives
to the Ne vir 1774 identification. In § 4 we describe theoretical

equilibrium models of the emission-line gas. We also discuss
the criteria for cloud stability and make specific predictions for
the Ne vir and other doublet emission line ratios. In § 5 we
reaffirm the Ne v identification in the context of the line-
strength predictions. In § 6 we estimate the covering factor and
physical conditions in the Ne vir emission regions, and we
note the possible relationship to other highly ionized emission/
absorption regions in AGNs. In § 7 we summarize the main
results.

2. THE IUE ARCHIVE SPECTRA

Figure 1 shows the co-added, optimally extracted spectrum
of PG 1148 + 549 obtained from the IUE atlases of Kinney et
al. (1991) and Lanzetta et al. (1993). The plot combines the
separate short- and long-wavelength IUE spectra, which join
without overlap at ~1970 A. We rebinned the spectra on a
linear wavelength scale (~1.2 A pixel ™!) for processing with
IRAF and then applied a 3 pixel-wide boxcar smoothing func-
tion to display better the BELs. We also removed several
narrow spectral artifacts identified by Kinney et al. (1991). The
plotted spectrum represents total exposure times of 16.5 hr for
4 <1970 A and 13.3 hr for 4 > 1970 A. The slight continuum
discontinuity in Figure 1 near 1970 A is probably due to a
mismatch between the long- and short-wavelength flux cali-
brations. The FWHM resolution is roughly 6 A. The final
spectrum looks very much like that shown (and reduced
independently) by Koratkar, Kinney, & Bohlin (1992).

3. LINE MEASUREMENTS AND IDENTIFICATIONS

Figure 1 also shows a low-order polynomial fit to the contin-
uum and single Gaussian fits to each line. The Gaussian fits
provide estimates of the line strengths and widths and separate
estimates for the blended Lya and N v lines. The results from
the fitting are given in Table 1, where 4, is the observed
line-centroid wavelength, 4, is the corresponding rest wave-
length with the assumption that z, = 0.978 (from C 1] and
Mg 11; Tytler & Fan 1992), z,, is the redshift derived by us
from each Gaussian line centroid, Av is the velocity shift of
these centroids from z, = 0.978, W™ is the rest equivalent
width, F is the flux, and FWHM is the full width at half-
maximum of the Gaussian fits. The uncertainties in these quan-
tities are dominated by systematic effects, including
nonstatistical fluctuations in the reduced spectra and the sub-
jective, schematic fits to both the lines and continuum. The
quality of the measurements can best be judged by inspection
of Figure 1. We expect that the actual 1 ¢ uncertainties in the
line strengths and widths are about 10%—-20%, although the
blended Lya and N v lines are more uncertain. The centroid

TABLE 1
LINE FITTING RESULTS

b Arest Av wiest F FWHM

Line A) “(A) Zem (kms™!) A) (10 “ergem~2s7!) (kms™?Y)
Ne v 4774 ....... 1502.0 7594 0941 5600 6.2 13.5 7000
OVIAl034 ........ 20267 10246 0959 2800 59 100 3800
Lye®..ccovneennnnnn. 23934 12100 0969 1400 452 62.0 9500
N v A1240° ........ 24404 12338 0968 1500 220 30.2 8200
Sitv+0O1v]...... 27614  1396.1 6.6 75 3900
Civ 1549 ........ 30330 14337 0958 3000 21.0 220 7000

2 Measurements listed for Lya and N v are very uncertain because the lines are severely blended.
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FI1G. 1.—Co-added IUE spectra of PG 1148 + 549 plotted at the observed wavelengths. The short- and long-wavelength data join without overlap at ~1970 A,
which causes a slight discontinuity in the plotted continuum. The spectra are smoothed with a 3 pixel-wide boxcar function. The prominent emission lines are
labeled at the published redshift of z, = 0.978. The smooth, solid line is a polynomial fit to the continuum, with single Gaussian fits to each of the labeled lines. The
Ne v and C 1v velocity widths are similar despite their different appearances in this figure.

wavelengths of the unblended lines probably have 1 ¢ uncer-
tainties of ~ % the half-width of the Gaussians.

Note that all of the line centroids are substantially blue-
shifted from z, as measured by Tytler & Fan (1992). Also note
that the doublet splitting in Ne vir and O v1 (3850 and 1650
km s~ !, respectively) could affect their measured line widths
and positions. We did not attempt to separate the flux in these
doublets or in the possible blends of O vi 11034 with Lyf or
S 1v 41397 with O 1v] 41402.

Secure measurement of the ~1500 A emission line in PG
1148 + 549 will require data with higher resolution and signal-
to-noise ratio. In particular, IUE spectra can have spurious
broad emission—of unknown origin, but presumably intrinsic
to the IUE satellite—near 1500 A (Crenshaw, Bruegman, &
Norman 1990). IUE spectra of QSOs (Kinney et al. 1991;
Koratkar et al. 1992) sometimes show a broad feature at
~1500 A that cannot be identified with a line in the QSO.
However, those spurious features do not look like QSO emis-
sion lines; they are broader, less symmetric, and broken into
multiple peaks (see Crenshaw et al. 1990 and Koratkar et al.
1992). In PG 1148+ 549, the ~1500 A feature is stronger
(relative to the continuum) and more “linelike ” in appearance
than the artifacts in other sources. We therefore expect that
this measured line is intrinsic to the QSO.

PG 1148 + 549 thus joins the list of several QSOs known to
have a probable Ne vii 4774 emission line (Hamann et al.
1995b). In the highest quality existing spectrum, that of PG

1522+ 101 (Cohen et al. 1995), the feature is very strong but
too broad to clearly implicate Ne vi. Line-profile fitting by
Cohen et al. (1995) shows that Ne vin 1774, with the assump-
tion that it has the same redshift and profile as C v 11549,
provides the best single-line match to the feature in PG
1522+ 101. However, the fits are not good, and large contribu-
tions from other lines cannot be not ruled out. Unfortunately,
these attempts at identification based solely on the line profiles
and redshifts are compromised by the possibilities for instrinsic
differences between different lines. In particular, Ne viin might
form in a different region that the lower ionization lines (see
§ 6.1) and thus have a very different profile or redshift.

Alternatives to the Ne vii 1774 identification include N 1v
A765, O 1v A789, S v 4786, and Ar vi A763. The theoretical
strengths of these lines are discussed in §§ 4 and 5; we will
argue from those calculations that Ne vir 4774 is the most
likely contributor to emission near this wavelength, but here
we simply note that attributing the ~1500 A feature in PG
1148 + 549 to Ne vi1 1774 implies a velocity shift (Table 1) that
follows the usual progression for smaller redshifts in higher
ionization lines, although the magnitude of the shift may be
unusually large (Gaskell 1982; Espey et al. 1989; Tytler & Fan
1992).

4. MODELS OF THE LINE-EMITTING REGIONS

Here we examine the conditions in the line-emitting regions
using the spectral synthesis code CLOUDY, version 87.23
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(Ferland 1995). We consider both photoionization and col-
lisional (coronal) equilibrium scenarios. The local Doppler line
widths, which affect the line optical depths and continuum
scattering, are assumed to be thermal. The line radiative trans-
fer is handled through escape probabilities, which include the
continuum opacities. Dust grains are excluded because they
are not expected to survive in the regions of interest. The ele-
mental abundances are solar (Grevesse & Anders 1989), except
as noted. Solar abundances for a z, ~ 1 QSO are consistent
with the emission-line analysis of Hamann & Ferland (1992,
1993) and Baldwin et al. (1995). The Ne/O ratio, which affects
the relative Ne viit 1774 and O vi 11034 line strengths, should
be close to solar in any case because these elements form
together in massive-star supernovae (Timmes, Woosley, &
Weaver 1995). Experiments show that the abundances could
be changed by factors of at least several without affecting any
of the important conclusions in this paper.

4.1. Photoionized Gas

The photoionization calculations assume constant-density,
plane-parallel clouds illuminated on one face. The incident
continuum is from Mathews & Ferland (1987), with an addi-
tional break at 1 um to lessen the flux at longer wavelengths.
The change in continuum slope from « = 1 to « = 2.5 at longer
wavelengths (where f, oc v*) minimizes the free-free heating
(Ferland & Persson 1989; Ferland et al. 1992) and is consistent
with recent theories that attribute the observed near-IR contin-
ua to dust emission outside the BELR radius (Sanders et al.
1989). The Mathews & Ferland (1987) spectrum includes a
typical BBB, whose strength relative to the X-rays corresponds
to a,, = —1.4 (where «, is the spectral index that would
connect the continuum flux between 2500 A and 2 keV). The
only published X-ray observations of PG 1148 + 549 known to
us (Della Ceca et al. 1990) provide a 3 ¢ upper limit corre-
sponding to «, < —1.1 when compared to the IUE flux
extrapolated to ~2500 A rest (Fig. 1).

The total hydrogen space and column densities are fixed
throughout the calculations at ny; = 10** cm ™3 and Ny, = 1024
cm~2, respectively. (In practice, low-ionization models are
truncated at the column where the gas recombines, i.e., where
the electron fraction drops below 0.75, and the gas becomes
too cool to emit in Lyx and the high-ionization lines discussed
here.) The choice of ny is motivated by recent estimates for the
BELR in the variable Seyfert 1 galaxy NGC 5548 (Ferland et
al. 1992). Our results are not sensitive to the choice of ny,
except for lines such as C 1v that are very optically thick and
collisionally de-excited. These thermalization effects are dis-
cussed in § 4.4.

Some predicted line strengths are shown in Figure 2 for a
range of ionization parameters U—defined as the dimension-
less ratio of the ionizing photon (1 < 912 A) to total hydrogen
(H 1 + H 1) densities at the illuminated face of the clouds. The
line strengths are expressed as equivalent widths, W,, relative
to the incident continuum for emitting regions that completely
cover the central source.? Equivalent widths for lesser covering
derive from Figure 2 by multiplication by the covering factor,

2 In our calculations, the geometric covering factor is unity but the radiative
covering is zero. That is, by assumption, Ne viit 1774 photons escaping locally
are not absorbed by clouds at different locations, even if the Lyman continuum
in those clouds is optically thick. This simplification only strengthens the lower
limit to the Ne viii covering factor derived in § 6.1.
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FiG. 2—Photoionization results plotted for various ionization parameters
(U). The calculations use a standard AGN continuum and space and column
densities of ny = 10'' cm™? and Ny = 10?* cm ™2, respectively. The radii
across the top are the distances from the continuum source required to be
consistent with the measured flux at 912 A rest (Fig. 1) and the redshift z, =
0.978 in a cosmology with H, = 75 km s ! Mpc ™! and g, = 0.25. The top two
panels show predicted line equivalent widths (W,, in A) measured relative to
the incident continuum. The lines are Lya, C 1v 411549, N v 11240, O vi 11034,
Ne vi 4774, N 1v 4765, O 1v 1789, O v] 11218, S v 1786, and Mg x 4615. The
bottom panel shows the electron temperature (T,) at the illuminated face of the
clouds (dotted line—right scale) and the ratio (R.) of the diffuse to incident
continuum fluxes on either side of the Lyman edge (912+ and 912— A) for
that part of the total column responsible for Ne viit emission (solid lines—left
scale).

q = w/4n, where w is the solid angle subtended by the clouds as
seen from the continuum source. We emphasize that the equiv-
alent widths for a fixed U do not depend on the density unless
line thermalization is important. The bottom panel of Figure 2
shows the electron temperature, T,, at the illuminated face of
the clouds. In all cases, the temperature and ionization decline
with increasing depth into the clouds. For U 2 2, the clouds
are fully ionized (H 11), and for U 2 10, the entire column is
optically thin to bound-free absorption at the H 1 Lyman edge
(912 A). The electron scattering optical depth reaches a
maximum of ~ 0.7 when the clouds are fully ionized (U 2 2).
The bottom of Figure 2 also shows the thermal, diffuse
(bound-free +free-free), continuous emission from just the
column of gas needed to form Ne viir A774. Specifically, this is
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the column, measured from the front face of the clouds, that
includes 95% of the total Ne vi flux. This column equals 1022
cm™? at U= 1.6, 102> cm™2 at U ~ 12, and 10** cm ™2 at
U 2 65. The diffuse continuum flux at 912 A is plotted as a
ratio, R, relative to the incident continuum. This ratio, like the
line equivalent widths, applies for complete covering (g = 1).
Since there is no Lyman discontinuity in the incident spectrum,
the different values of R, on either side of 912 A are due solely
to the local, diffuse bound-free edge.

Figure 3 plots the line equivalent widths (upper panels) for a
range of total column densities and a fixed ionization param-
eter U = 10. This figure shows that Ne v is fully formed (ie.,
the zone of Ne vin emission is fully within the clouds) for
columns Ny 2 10?* cm™2. Thus, in our simulations with
U=10 and Ny =10?* ¢cm™2, Ne vin A774 forms entirely
within the first ~1/10 of the total column, measured from the
illuminated face. Lower ionization lines form mostly or entirely
at larger columns. The bottom panel of Figure 3 shows T, and
the diffuse continuum emission coefficient, y, (Osterbrock
1989, p. 88), as functions of the column into a single cloud with
U = 10 and total column density Ny; = 10>4 cm ™ 2. Note that
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F1G. 3.—Photoionization results for U = 10 plotted for clouds of different
column densities (top, middle) and as a function of the column density into a
single cloud (bottom). All other parameters are the same as the U = 10 calcu-
lation in Fig. 2. The top two panels show the line equivalent widths. The
bottom panel shows the electron temperature (dotted line—right scale) and the
continuous emission coefficient (y,, in units of 10”4 ergs cm® s™* Hz" ') on
either side of the Lyman edge (912 + and 912 — A; left scale).
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y, shows a greater Lyman discontinuity at the lower tem-
peratures attained at large columns. Indeed, most of the diffuse
continuum short of the Lyman edge derives from the cool
regions at large columns and not from the Ne vin-emitting gas.
(This point will become relevant in § 6.3.)

4.2. Collisionally Ionized Gas

Although there is strong evidence for photoionization
throughout the BELR (e.g., correlated line and continuum
variabilities; see Peterson 1993 for a review), we cannot rule
out significant mechanical heating in the newly recognized
Ne v region. We therefore show in Figure 4 the predicted line
and continuum emissions from a slab of gas that is collisionally
ionized at various equilibrium temperatures. The incident con-
tinuum is assumed to be negligible in this case, so both the
ionization and line excitation are controlled by collisions and
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F1G. 4—Collisional equilibrium results plotted as a function of the equi-
librium temperature (T,) for the case in which n,; = 10° cm ™3 and the lines and
continua are optically thin throughout. The top two panels show several line
equivalent widths measured relative to the diffuse continuum emitted by the
same gas. The bottom panel shows the continuous emission coefficient (y,, in
units of 1074 ergs cm® s ™! Hz™*) on either side of the Lyman edge. See Fig. 2.
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charge-exchange reactions. Unlike the photoionized models
above, the lines and diffuse continua are assumed to be opti-
cally thin in Figure 4. This situation is like that described by
Stern, Wang, & Bowyer (1978), Shull & Van Steenberg (1982),
Gaetz & Salpeter (1983), Arnaud & Rothenflug (1985), and
others. The line strengths are plotted as equivalent widths rela-
tive to the diffuse continuum emitted by the same gas. The
results apply for any density relevant to this discussion, as long
as the combined space and column densities are not large
enough to thermalize the lines. Note that the line equivalent
widths are much larger in Figure 4 than in Figure 2 because the
diffuse continuum is weak compared to the incident flux in the
photoionized cases. Also, several lines, such as C 1v and O vi,
are much stronger relative to Ne v (at their peaks) in Figure
4 because of the lack of thermalization.

4.3. Stability of the Ne vil Gas

The high temperatures and ionizations in the Ne viI region
can make that gas unstable to changes in temperature or
density. It is well known that collisionally ionized gas is gener-
ally thermally unstable for temperatures 3 x 10° K S T, S
3 x 107 K (e.g., Field 1965; Gehrels & Williams 1993). These
instabilities occur because the line cooling becomes less effi-
cient as the temperature and ionization increase over this
range. However, there are narrow windows of stability for T,
centered at ~8 x 10° K and ~5 x 10° K (Gehrels & Williams
1993). Figure 4 shows that the Ne vii1 emission (and ionization
fraction) peaks near the local stability at ~8 x 10° K. There-
fore, considerable Ne viil emission could form in stable, col-
lisionally ionized gas.

In photoionized gas, the temperature decouples from the
ionization, and a different analysis must be used. We examine
the stability of photoionized gas by considering changes in the
gas pressure that occur when the density is perturbed. This
analysis and the results below are consistent with the more
detailed studies by Krolik, McKee, & Tarter (1981), Kallman
& Mushotzky (1985), Netzer (1990), and Marshall et al. (1993).
Our calculations are performed at a fixed incident flux using
the same ionizing spectrum as in § 4.1. For simplicity, we
assume the lines and continuum are optically thin. (Substantial
column densities would only complicate the presentation
because such clouds would contain a range of temperatures
and ionizations and, if the pressure is forced to be constant
throughout each cloud, the clouds would also have a range of
densities.) Figure 5 shows the pressure n, T, versus density ny
(bottom scale) and U (top scale) for different metallicities. The
abundances have solar ratios (Grevesse & Anders 1989), except
in the Z =5 Z; case, where nitrogen is 15 times solar (i.e.,
N/O = 3 times solar) to mimic the large secondary N pro-
duction expected at high Z’s (Hamann & Ferland 1993). The
incident flux was chosen so that U = 10 at ny = 10*! cm ™2,
However, the fundamental quantity is actually U because it
sets the ionization. Repeated experiments show that the same
pressure-versus-U behavior applies for a wide range of fixed
fluxes and corresponding density scales. Note that T, is some-
times higher at high metallicities and large U (Fig. 5) because
the metals increase the X-ray continuum opacity (heating)
without a commensurate increase in the line emission (cooling).

Photoionized gas is unstable if the pressure decreases with
increasing ny, 1.e., if d(n, T,)/d(ny) is negative in Figure 5. Com-
paring Figures 2 and 5 shows that the range of U’s needed for
Ne vint overlaps with the pressure instability at 30 < U < 60.
This instability corresponds to an abrupt change in tem-
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Fi1G. 5—Gas temperature (T,) and pressure (n, T,) plotted against the
density (n;) and ionization parameter (U) for optically thin, photoionized gas
with metallicities of 0.2 (dashed line), 1 (solid line), and 5 (dotted line) Z . The
shapes of the curves depend only on U. The density scale across the bottom
depends on the incident ionizing flux, assumed here to be 3 x 10?2 photons
cm~2s for 1 < 912A.

perature from ~2 x 10° K to nearly 10° K for Z 2 1 Z,,.
Figure 2 suggests that Ne viil emission may come from large—
column-density clouds with U > 60; however, the unstable
transition from T, ~ 10° K to T, ~ 10° K will occur some-
where in those clouds, making them unstable. Thus, if the emis-
sion lines come from stable clouds, Ne viir 1774 will form only
over the narrow range 5 < U < 30—where the ionization is
high enough for Ne viir and the clouds are stable throughout.

4.4. Line Optical Depths and Thermalization

Reasonable space and column densities in the BELR can
lead to line fluxes that are significantly reduced by photon
trapping and collisional de-excitation (Davidson & Netzer
1979; Ferland et al. 1992). These thermalization effects can
impact both the line ratios and overall strengths. The criterion
for significant collisional de-excitation is n, C,, 2 fA,;, Where
n, is the electron density, C,, is the downward collisional rate
coefficient, § is the line escape probability, and A4, is the spon-
taneous radiative decay rate. For large line-center optical
depths, 7, > 1, the escape probability is roughly f ~ 1/z,
(Frisch 1984), and the condition for collisional de-excitation
can be written as n,7y 2 A,/C,;. The ratios 4,,/C,, at tem-
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TABLE 2
LINE THERMALIZATION THRESHOLDS

Ay/Cy = 1,7,

20,000 K 200,000 K

TRANSITION (cm™3) (cm™3)
Mgx 2615 ....... 3.2E16 9.7E16
Ne vii 1774...... 1.6E16 5.0E16
O viA1034....... 7.6E15 2.2E16
N v 1240........ 4.7E15 1.4E16
Civ 1549 ....... 3.0E15 7.5E15
Niv A765 ........ 3.2E16 1.0E17
O1v 789 ........ 2.3E16 7.3E16

peratures T, = 2 x 10* K and 2 x 10° K are listed in Table 2
for several lines using atomic data from Wiese, Smith, &
Glennon (1966), Mendoza (1983), and Cochrane & McWhirter
(1983).

Figure 6 shows the total line-center optical depths for the
photoionized clouds in Figures 2 and 3, where n, ~ n, = 10!
cm 3. Comparisons with the critical values of n, 1o &~ 4,,/C,,
in Table 2 confirm that thermalization effects can be impor-
tant. For example, in our photoionized simulations (§ 4.1), C 1v
can be collisionally suppressed by factors greater than 100, but
Ne vin is suppressed by 2 30%.

Measurements of line ratios within resolved multiplets can
place constraints on the amount of thermalization and, thus,
the product n,t,. The resonant “lines” Mg x 4615, Ne v
A774, O vi A1034, N v 11240, and C 1v A1549 are actually
doublets with identical lithium-like term structures. We calcu-

107;
106;

B 105;
10‘;

10°

107;
106;

B 105;
10“;

10° “

Jd 3

.01 A 1 10 10

F1G. 6.—Total line-center optical depths (t,) measured across the full radial
extent of the modeled clouds plotted for various ionization parameters (U) in
the photoionized scenarios from Fig. 2.
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late these doublet emission ratios by solving the detailed
balance equations for three-level atoms, using escape probabil-
ities B ~ 2/t, for the midplane of an emitting slab in the limit
7o > 1. The collision strengths connecting the two upper states,
2p*P§,, > 2p*PY),, are not known, but we assume their
strengths are equal to § of the 2p>PY,, — 2sS, , resonant colli-
sion strengths (see Mendoza 1983). The resulting doublet ratios
are shown in Figure 7 as functions of the product n, 7,, where
7o is the summed doublet optical depth. The predicted ratios
are the same if either n,, 74, or both parameters are considered
to change. The results are, though, sensitive to the assumed
2p*PY,, - 2p* P}, collision strength. If Q is the actual collision
strength and Q, is the value used in Figure 7, then situations
where Q > Q, would shift the curves to the left by factors
~(Q/Q,)'2, but Q < Q, would shift the curves to the right by
no more than a factor of ~ 1.6 (which is the limit correspond-
ing to Q = 0).

Figure 7 shows that the lithium-sequence ratios vary from
~2:1atlown,1y,to ~1:1, where the levels thermalize, at large
n,7o. The Ne vii and Mg x doublets deviate from this simple
behavior at low temeratures because the larger energy splitting

LA L B L B L S B3] B B B L B B B AL m

Doublet Ratios

neTo

F1G. 7—Doublet emission ratios for Ne viir 1770/A4780 and C 1v 41548/
A1550 (top) and for N v 11238/41242, O vi 11031/41037, and Mg x A1610/4625
(bottom) plotted against the product of the line optical depth and electron
density (n, 7,, in cm ~3). The results are identical if either n, or 1, is considered
to vary. The three curves for each ratio correspond to T, = 10%, 10°, and 10° K
from bottom to top (or right to left), except for Mg X, where T, = 10* K is not
shown.
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of their upper states makes them more temperature sensitive.
Nonetheless, in our photoionization calculations (§ 4.1),
Ne vir 1770/4780 and Mg x A610/4625 are ~2:1 for all values
of U, while C1v A1548/A1550 is nearly 1:1 for U = 0.2
(compare Figs. 2, 6, and 7). Resolved measurements of the
more widely separated doublets would test these predictions
and constrain the space and column densities (the product
n,7,) in the emitting gas.

5. Ne VIII 1774 VERSUS ALTERNATIVE IDENTIFICATIONS

The strongest known alternatives to the Ne viir 1774 identi-
fication are included in our calculations and shown in Figures
2-4. (Collision strengths for Ar vi 1763 are not available, but
given the assumption that those strengths are comparable to
Ne vii, simple abundance considerations predict maximum
Ar vI fluxes less than 1/10 of Ne v at its peak.) The strongest
of the alternative lines are O 1v 4789 and N 1v 1765. Their
strengths relative to Ne vii can depend on the geometry
because they form in distinct regions of lower ionization (Figs.
3 and 4; see also Hamann et al. 1995a). For example, highly
ionized clouds could emit exclusively in Ne v, but photoion-
ized clouds could also produce N 1v and o 1v at large column
densities while emitting Ne vil near the illuminated face. In
our calculations with Ny = 102* cm ™2 and U < 20, all three of
these lines are fully formed (i.e., their ionization zones are fully
within the clouds), so increasing the column would not affect
the derived line strengths, but lowering the column would
make N 1v and O 1v weaker relative to Ne viu (Fig. 3). There-
fore, for any U 2 2 the flux in Ne vii exceeds that in N 1v and
O 1v, and Ne viir A774 is the most likely identification in this
highly ionized regime.

At lower U in the photoionized simulations (Fig. 2), N 1v
and O 1v are never stronger than a few percent of C 1v, and
their equivalent widths are <1 A even if the covering factor is
unity. Thus, N 1v and O 1v appear to be too weak to account
for the features measured near 774 A (rest) in PG 1148 + 549
and other QSOs (Hamann et al. 1995b; Cohen et al. 1995). This
result is not sensitive to the geometry and total column density
because the three lines C 1v, N 1v, and O 1v form in overlap-
ping zones (Figs. 2-4; Hamann et al. 1995a). At lower space
densities, C 1v would be less thermalized, which would make
N 1v and O 1v relatively weaker and even less viable as identifi-
cations. At very high densities, the line ratios are forced toward
unity due to severe thermalization (§ 4.4), but densities greater
than 5 x 10’2 ¢cm™3 would be needed in the photoionized
models to make N 1v and O 1v nearly as strong as C 1v.

Therefore, N 1v 4765 and O 1v A789 should be too weak
compared to both C 1v 41549 and the continuum at low U,
and compared to Ne vi at high U. We conclude that, even
without the line profile or centroid considerations (§ 3; Cohen
et al. 1995), Ne viir 1774 is the most likely identification for
strong emission near this wavelength.

6. DISCUSSION: THE Ne VIII A774—EMITTING REGION

6.1. Geometry and Physical Conditions

The presence of Ne vin 1774 emission requires a BELR
component that is more highly ionized and probably much
hotter than previously recognized. If the gas is photoionized by
a standard AGN continuum, the Ne viiI equivalent width, the
Ne viii/O vi line ratio (Table 1 and Fig. 2), and the assumption
of pressure stability (Fig. 5) imply ionization parameters of
5 < U < 30. (Although the predicted Ne viii/O vi ratio in Fig.
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2 is somewhat lower than the measured value, this difference is
readily accounted for by the measurement uncertainties and
the schematic nature of the calculations.) The temperatures in
the Ne vur zone are predicted to be in the range 5 x 10* K <
T, $ 2 x 10° K. In collisional equilibrium (Fig. 4), the tem-
peratures would lie near ~8 x 10° K in thermally stable
clouds.

Models of the BELR based on N v, C 1v, Lya, and lower
ionization lines have typically led to estimates of U < 0.1 and
T, < 2 x 10*K for photoionization by continua similar to that
used here (Davidson & Netzer 1979; Kwan & Krolik 1981;
Ferland & Persson 1989; Ferland et al. 1992; Shields &
Ferland 1993; Baldwin et al. 1995; Rosenblatt et al. 1995).
Calculations that consider also the higher ionization O vi
21034 line can require BELR components with U 21
(Hamann & Ferland 1992). The Ne vii 1774 emitting zone
might be just an extension of this more familiar BELR, with
the higher temperatures and ionizations caused by lower den-
sities and/or closer proximity to the continuum source. The
difference between U 2 5 in the Ne vi zone and U < 0.1 in
the standard C 1v-Lya region could be caused by a factor of
27 difference in distance for a fixed density or a 250 differ-
ence in density at a given distance (Fig. 2). Obviously, some
mixture of lower densities and distances could also apply to the
Ne vin gas. The tentative measurement of a lower redshift in
Ne vt compared to C 1v and probably O viin PG 1148 + 549
(§ 3) supports the suggestion of the spatial segregation of these
regions.

The photoionization results indicate that the large Ne vi
equivalent width in PG 1148+ 549 requires covering factors
q = % (Fig. 2) and total column densities Ny 2 1022 cm ™2 (Fig.
3). The minimum g applies if the column density is large
enough to fully encompass the Ne vi—emitting zone, while the
minimum Ny applies if ¢ = 1. Larger ¢ and Ny would be
needed if some of the line flux were absorbed by dust or neutral
gas (H 1—see footnote 2). The limits on g and Ny are not
sensitive to the space density because Ne vin is not thermalized
in our calculations for densities n, < 10!'! cm™3. At much
higher densities, where Ne viil does thermalize, the limits on
both g and Ny would increase by, for example, a factor of ~2
forny =5 x 10*2¢cm™3,

6.2. X-Ray and UV Absorption Properties

The Ne vii 1774 emitting gas will appear as an X-ray warm
absorber if it lies along our line of sight to the X-ray continuum
source (Netzer 1993; Shields et al. 1995; Hamann et al. 1995a).
Warm absorbers can be identified by O v or O viir bound-
free absorption edges at roughly 0.8 keV. In the Ne vii—
emitting region, O vii and O vi are the dominant species of
oxygen (e.g., Hamann et al. 1995b), and the column density
derived above for the Ne vi—emitting gas, Ny = 1022 cm ™2,
will produce optical depths of at least a few at the O vii—O vint
edge (Morrison & McCammon 1983; Arnaud & Rothenflug
1985). Furthermore, photoionized gas with these total columns
and U 2 5 will exhibit another defining property of the warm
absorbers, namely, the X-ray bound-free opacity is sensitive to
changes in the incident (ionizing) flux (Shields et al. 1995). The
large covering factor estimated for the Ne vl gas in PG
1148 4 549 (q = 1) suggests that there is a realistic chance to
measure X-ray absorption caused by viewing the Ne vi
BELR along our line of sight to the continuum source.

The connection between Ne vin emission and the X-ray
warm absorbers is bolstered by recent measurements of soft
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X-ray O vi-O viii or ~88 A Ne vi—Ne vir emission lines in
two low-luminosity AGNs known to have O vi—O vl
absorption edges (George et al. 1995; Kaastra et al. 1995). The
calculations by George et al. (1995), in particular, show that the
O vi-O vii emission and absorption features could both
naturally form in the same gas. We note that this gas should
also produce Ne vii1 1774 emission.

This highly ionized, emitting gas could further produce
associated (z, =~ z,) absorption lines if it lies along our line of
sight to the continuum source. This expectation is tempered
only by our prediction that the Ne vir emission line is opti-
cally thick (Fig. 5); so, in absorption, it should be on the flat
part of the curve of growth, with an equivalent width depend-
ing on the local Doppler velocities. Nonetheless, Hamann et al.
(1995a) showed that for reasonable Doppler parameters, b =
20 km s~ !, substantial Ne v absorption equivalent widths,
W, 2 0.3 A, will occur if Ne v is near its maximum ionization
fraction and the total column is N 2 102! cm ™2 (for solar
abundances). The measurement of associated Ne vin A774
absorption within 200 pc of one QSO, UM 675 (Hamann et al.
1995a), shows directly that z, & z, absorbers can have physical
conditions appropriate for both X-ray warm absorption and
Ne vii emission (although, in UM 675, the Ne vir column
along our line of sight is too low for significant line emission).

A simple model would place all of the highly ionized absorb-
ing gas in the same general region—in or near the Ne vin
BELR. One obstacle to this unified picture might be that the
associated absorption lines sometimes appear to form outside
the BELR because they absorb both the continuum and the
emission lines (especially Lya; Hamann et al. 1995a; Mathur
1994; Mathur et al. 1994). This apparent conflict is overcome if
the emission lines (e.g., Lya) are preferentially beamed back
toward the continuum source (Ferland et al. 1992). In this case,
the emission and absorption regions could be intermixed
because most of the emission comes from the far side of the
BELR, on the other side of the AGN (Shields 1994).

6.3. Diffuse Continuum Emission and the Big Blue Bump

The calculations in § 4 indicate that Ne vin emission/
absorption regions have temperatures somewhere in the range
5x 10*K < T, < 106 K (see also Hamann et al. 1995a), which
is roughly the range needed for the thermal-reprocessing
models of the BBB (Malkan & Sargent 1982; Barvainis 1993).
Here we examine whether the optically thin, Ne vin—emitting
gas could be the source of the BBB.

Kriss (1995) showed that in a hot plasma that is optically
thin in both the lines and continuum, the prominent UV lines
have equivalent widths relative to the diffuse continuum of
greater than 1000 A. Those estimates are supported by our
collisional-equilibrium results in Figure 4. Clearly, if this gas
produced the BBB in AGNSs, the lines sitting atop the BBB
would be many times stronger than observed. To reconcile this
problem, some mechanism(s) must be invoked to weaken the
lines relative to the diffuse continuum. Large electron
scattering optical depths could broaden the lines and make
them harder to detect. However, this scattering would not
destroy line photons, and Kriss (1995) has argued that the
broadening is not sufficient to limit their strong detection.
Another possibility is line thermalization. Large line opacities
could weaken the lines while the continuum remained optically
thin. However, our calculations for n; = 10!'! cm ™3 show that
even if the column densities were at their maximum allowed by
an optically thin continuum (at the Lyman edge), the line
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optical depths would be no more than a few times larger than
their maximum values shown in Figure 6, and the prominent
lines (including Ne vi) would still have equivalent widths
greater than 1000 A. We find that, in collisional equilibrium,
densities 25 x 10'® cm ™2 would be needed to adequately
weaken the lines relative to the continuum via thermalization.
(Note that the densities for adequate thermalization would be
even higher if the line optical depths were lowered by turbu-
lence within the clouds.)

Plasmas that encompass a range of temperatures and ioniza-
tions will produce weaker lines relative to the diffuse contin-
uum because the metal lines form across limited column
densities, while the diffuse continuum forms across the entire
ionized (H 1) zone. This situation occurs naturally in pho-
toionized gas with a significant column. However, Figure 2
shows that the diffuse emission from the Ne vin-emitting gas
alone is again too weak to account for the BBB. In particular,
the diffuse flux from the Ne v region is less than 10% of the
incident BBB even for complete covering (¢ = 1), and the
Ne vi1 equivalent width measured relative to the diffuse con-
tinuum is ~330 A, independent of the covering factor. Once
again higher densities, in this case =5 x 102 cm ™3, would be
needed to adequently weaken the lines via thermalization.

We conclude that the diffuse flux from the Ne vi-emitting
gas is signficantly weaker than the BBBs observed in AGNs if
the densities are <5 x 10'! cm 3. The BBB must come from
regions that are either ionized beyond Ne vi or very dense
and optically thick in the (metal) lines, so that their fluxes are
greatly diminished relative to the continuum. Note that this
conclusion also applies to the “very broad line region” that
Ferland et al. (1990) identified with the broad, invariable com-
ponents of Hx and Hp in Mrk 590. Our results do not, contra-
dict the Ferland et al. (1990) analysis, which shows that the
measured broad Balmer components are consistent with
(although somewhat weak for) the recombination fluxes they
predict for optically thin gas capable of producing the BBB.

7. SUMMARY
Our main results are the following:

1. Ne vit 4774 is the most likely identification for the
strong, broad emission line near 774 K (rest) in PG 1148 + 549
and other AGNs. The best alternatives to Ne viir are N 1v 1765
and O 1v A789; however, theoretical predictions for both pho-
toionized and collisionally ionized plasmas, which encompass
a wide range of physical conditions, show that these lines are
weaker than Ne vin in highly ionized gas and too weak com-
pared to C 1v 11549 (and to the continuum in the photoionized
case) at lower ionizations (§ 5). The measured line centroid in
PG 1148 + 549 also favors the Ne v identification (§ 3).

2. If the gas is photoionized, our calculations with a stan-
dard ionizing spectrum indicate that the Ne vin line forms in
BELR components with high ionization parameters 5 S U <
30 and temperatures 5 x 10* K < T, < 2 x 10° K, where the
upper limits on U and T, derive from the assumption of cloud
stability. By comparison, typical estimates for the photoion-
ized Lyo—C 1v BELR indicate U < land T, < 2 x 10*K.

3. The measured Ne vin equivalent width requires total
column densities Ny 2 10?2 cm ™2 and covering factors g > 3
@§ 6.1).

4. If the gas is collisionally ionized, equilibrium tem-
peratures near 8 x 10° K would be needed for strong Ne v
emission in thermally stable gas (§ 6.1).
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5. In either case, the presence of broad Ne v 1774 implies
that the BELR contains hotter and more highly ionized gas
than previously recognized. This BELR component will
appear as an X-ray warm absorber if it lies along our line of
sight to the X-ray continuum source (§ 6.2).

6. Standard BELR space and column densities can lead to
severe thermalization in some lines, such as C1v, but our
photoionization calculations predict that Ne vim is not affected
for ny < 10! cm™3. The widely separated Ne vii doublet
should have a flux ratio of A1770/1780 ~ 2 (§ 4.4).

7. The Ne vi—emitting gas may have temperatures in the
range needed for thermal-reprocessing models of the BBB, but
for densities <5 x 1012 cm ™3 these regions produce too little
diffuse continuum flux relative to the lines. The BBB must
come from regions that are either ionized beyond Ne v or
very dense and optically thick in the lines, so that their fluxes
are greatly diminished relative to the continuum (§ 6.3).

Spectra at higher resolution and signal-to-noise ratios are
needed to test the Ne viir 1774 identification in PG 1148 + 549
and other QSOs. Simultaneous searches for Ne viir and Mg x
in the same spectra might provide the most reliable test of both
identifications. Quality observations of AGN samples are also
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needed to study the amount and commonality of Ne vin-
emitting gas. Measurements of the Ne vi1 doublet ratio would
constrain the space and column densities (i.e., the product n, 7,)
in the Ne vii region. Accurate line profiles and velocities
would probe the relationship between Ne vt and the rest of
the BELR—for example, does Ne viir 4774 continue the pro-
gression for larger blueshifts in higher ionization lines? Finally,
the possible connection between the Ne vii—emitting gas, the
X-ray warm absorbers, and the associated Ne vir line
absorbers should be pursued. It is quite possible that these
diverse observational features identify the same or related
regions in a highly ionized component of the BELR (Shields
1994; Hamann et al. 1995a; § 6.2).
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