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RESOLVED SPECTROSCOPY OF THE NARROW-LINE REGION IN NGC 1068.
III. PHYSICAL CONDITIONS IN THE EMISSION-LINE GAS!
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ABSTRACT

The physical conditions in the inner narrow-line region (NLR) of the Seyfert 2 galaxy NGC 1068 are
examined using ultraviolet and optical spectra and photoionization models. The spectra were taken with
the Hubble Space Telescope Space Telescope Imaging Spectrograph (STIS), through the 071 x 5270 slit,
covering the full STIS 1200-10000 A waveband. The slit was centered on a position 0714 north of the
optical continuum peak (or “hot spot”) at a position angle of 202°, bisecting the brighter part of the
biconical emission-line region. We have measured the emission-line fluxes for a region extending 378
northeast (~270 pc) to 1”8 southwest (~130 pc) of this point. The emission lines on each side show
evidence of two principal kinematic components, one blueshifted with respect to the systemic velocity
and the other redshifted (the kinematics were discussed in a separate paper). Based on the photoioniza-
tion modeling results, we find that the physical conditions vary among these four quadrants. (1) The
emission-line gas in the blueshifted northeast quadrant is photoionized by the hidden central source out
to ~100 pc, at which point we find evidence of another source of ionizing radiation, which may be due
to fast (~1000 km s~ ') shocks resulting from the interaction of the emission-line knots and the inter-
stellar medium. Interestingly, this occurs at approximately the location where the knots begin to show
signs of deceleration. (2) The gas in the redshifted northeast quadrant is photoionized by continuum
radiation that has been heavily absorbed by gas within ~ 30 pc of the central source. We find no strong
evidence of the effects of shocks in this component. (3) The redshifted emission-line gas in the southwest
quadrant is photoionized by unabsorbed continuum from the central source, similar to that in the inner
~100 pc of the blueshifted northeast quadrant. Finally, (4) the emission-line spectrum of the blueshifted
southwest quadrant appears to be the superposition of highly ionized, tenuous component within the
ionization cone and gas outside the cone, the latter photoionized by scattered continuum radiation.
There are several implications of this complicated physical scenario. First, the hidden active nucleus is
the dominant source of ionizing radiation in the inner NLR. The absorption of continuum radiation
along the line of sight to the redshifted northeast quadrant may result from the intersection of the ion-
ization cone and the plane of the host galaxy. Finally, the evidence for shock-induced continuum radi-
ation at the point where the emission-line knots begin to decelerate indicates that the deceleration is due
to the interaction of emission-line knots with slower moving gas, such as the interstellar medium of
NGC 1068.

Subject headings: galaxies: individual (NGC 1068) — galaxies: Seyfert

1. INTRODUCTION

NGC 1068 is the nearest (z =0.0038) and brightest
Seyfert 2 galaxy and has been observed extensively in all
wavebands from the radio to the X-ray (it was recently the
subject of an entire workshop; see Gallimore & Tacconi
1997). The detection of broad (FWHM =~ 4500 km s~ !) per-
mitted emission lines in the polarized flux from NGC 1068
(Antonucci & Miller 1985; Miller, Goodrich, & Mathews
1991) was the inspiration for the unified model for Seyfert
galaxies, the basis of which is that all Seyfert 2 galaxies
harbor a broad-line region (BLR) and nonstellar continuum
source, which are hidden along our line of sight by a dense
molecular torus, while the central source and BLR are
viewed directly in Seyfert 1 galaxies (see Antonucci 1993).

Ground-based narrowband images of the narrow-line
region (NLR) of NGC 1068 reveal that the emission lines
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form a biconical structure, roughly parallel to the radio
axis, extending northeast and southwest of the nucleus
(Pogge 1988). Observations with the Hubble Space
Telescope (HST) reveal that the inner NLR contains numer-
ous knots and filaments of ionized gas, also in a biconical
geometry (Evans et al. 1991; Macchetto et al. 1994). The
hidden active galactic nucleus (AGN) is thought to lie 0713
south of the optical continuum peak (Capetti, Macchetto, &
Lattanzi 1997) and is thought to be associated with the
thermal radio source designated S1 (cf. Gallimore, Baum, &
O’Dea 1996).

Analysis of ground-based observations has revealed that
the emission-line gas in the extended NLR, ~1 kpc from
the nucleus, is most likely photoionized by continuum radi-
ation emitted by the hidden AGN (Evans & Dopita 1986).
Although it follows that photoionization must be impor-
tant, if not dominant, closer to the active nucleus, condi-
tions within ~200 pc of the nucleus are apparently quite
complex. Inspired by the surprisingly strong C m 4977 and
N m 1990 lines seen in Hopkins Ultraviolet Telescope
spectra, Kriss et al. (1992) argued that shock heating is an
important process in the inner NLR (but see Ferguson,
Ferland, & Pradhan 1995 for another interpretation). Based
on HST Faint Object Camera (FOC) long-slit spectra,



TABLE 1
OBSERVED NARROW-LINE RATIOS AS A FUNCTION OF PROJECTED POSITION FOR P.A. = 202°

Lya Nv Civ Hen [Neirv] Mgn [Nev] [On] [Nem] Hen Hp [Om] [Feva] [Or1]
Position®® 1216 A1240 1550 41640 12423 A2800 13426 13727 23869 14686 14861 15007 26087 26300

+00T ...... 944 567 924 173 0.75 117 340 030 0.41 059 100 1274 0.98 0.17
069 (040) (0.65 (0.12) (005  (0.08) (024) (0.03)  (0.03)  (0.04) (0.07) (094  (0.07)  (0.01)
+02r ...... 451 174 287 108 0.40 033 1.81 1.02 1.82 064 100 2055 0.68 0.61
032 (013) (021) (0.08)  (0.03) (003 (0.13) (0.10) (0.13) (005 (0.07) (149)  (0.05)  (0.05)
+04b...... 364 108 214 094 0.29 027 040 1.35 1.01 050 100 1477 0.13 0.61

026) (008) (015 (007) (005  (0.03) (0.18) (0.12)  (0.08)  (0.06 (0.07) (1.06)  (0.05)  (0.05)

+06b...... 369 180 308 122 ... ... 0.59 070 ... 100 1090 ... 0.55
044) (021) (037) (0.15) 0.16)  (0.23) 0.15)  (1.36) (0.12)

+08b...... 520 220 325 097 ... 100 757 035 ...
045 (0.19) (0.28) (0.10) 0.10) (082)  (0.18)

4087 ...... 450 274 248 181 ... 050 233 ... 1.60 098 100  19.69 033
033)  (020) (0.18) (0.15) 022)  (0.90) 040)  (029) (0.08) (1.51)  (0.17)

+10b...... 503 150 312 097 056 ... 2.62 0.82 059 100 947 .. 032
046) (0.14) (029) (0.13)  (0.27) 0.64)  (030) (0.18) (0.11)  (1.03) (0.09)

+10r ...... 201 056 129 108 0.64 037 159 .. 1.33 063 100 1556 ... 031
0.16) (005 (0.11) (0.12) (0200 (0.12)  (0.80) 024) (0100 (0.09)  (1.25) (0.05)

F1271 ... 249 043 112 084 057 ... 139 .. 115 ... 100 13.08
057) (0100 (026) (021)  (0.20) (0.64) (0.33) 031) (297

+l4r ... 157 048 120 153 086 ... 203 ... 1.00 071 100 1509 0.16 0.10
0.13) (004 (0.10) (0.12)  (0.11) 0.22) 0.10)  (007) (009 (122)  (0.06)  (0.02)

+167 ...... 458 100 215 210 ... 064 100 1597 ...
(197)  (043) (093) (091) 034) (0.60)  (6.86)

F1871 ... 248 025 086 059 .. 100 974
0.67) (007) (0.23) (0.18) 038) (263

—02b...... 239 121 225 096 0.57 054 252 035 1.58 046 100 1519 0.40 0.60
©0.17) (009 (0.16) (007)  (0.04) (004 (0.18) (0.02)  (0.11)  (0.03) (0.07) (1.07)  (0.03)  (0.04)

—02r ...... 622 346 346 090 0.50 101 201 0.23 1.78 025 100 808 0.46 036
044) (024) (024) (007) (004 (007 (0.14  (0.02) (0.13) (0.02) (0.07) (195  (0.03)  (0.03)

—04b...... 142 057 118 072 0.44 029 231 045 147 047 100 1637 0.29 041
0.10) (0.04) (0.08) (005  (0.03) (002 (0.16) (004  (0.10)  (0.03) (0.07) (128  (0.02)  (0.03)

—04r ...... 458 118 171 047 0.19 107 087 040 1.53 014 100 840 0.16 0.26
032) (008) (0.12) (004  (0.04) (0.10) (0.06) (0.06)  (0.11)  (0.02) (0.07) (382  (0.02)  (0.02)

—06b...... 097 024 089 046 0.38 039 205 040 1.67 047 100 1682 0.34 0.73
©007) (002) (0.06) (0.03)  (0.03) (003 (0.14 (003) (0.12)  (0.03) (0.07) (L.18)  (0.02)  (0.05)

—08b...... 037 109 093 0.69 0.15 173 091 1.32 050 100  17.02 0.20 0.61

0.03) (008) (007  (005)  (0.02) (0.12) (0.08)  (0.10)  (0.04) (0.07)  (120)  (0.01)  (0.04)
—087r ...... 288 050 110 057 0.54 0.50 195 068 1.07 036 100  13.05 0.62 0.90

020) (0.04) (0.08) (0.04)  (0.04) (004 (0.14)  (0.06)  (0.08)  (0.03) (0.07) (098)  (0.04)  (0.06)

—10b...... 085 166 159 1.01 0.14 1.80 124 1.34 044 100 1579 032 0.84
006) (012) (0.12)  (008)  (0.03) (0.17) (0.15 (0.4  (0.03) (0.07) (1.13)  (0.04)  (0.06)
—10r ...... 1067 085 269 075 027 153 087 1.39 0.76 024 100 853 0.18 0.52
0.76) (006) (0.19) (0.06)  (0.03)  (0.13) (0.10) (0.18)  (0.10)  (0.02) (0.07) (097)  (0.05)  (0.04)
—12b...... 037 094 043 033 0.13 1.10 1.20 1.46 040 100 1581 0.15 0.71
0.03) (007 (003  (003)  (001) (0.11) (0.10) (0.I1)  (0.03) (0.07) (L.11)  (001)  (0.05)
—12r1 ... 838 099 282 101 0.30 104 057 1.01 0.98 032 100 753 0.13 031
059 (007) (0200 (007)  (0.03)  (0.08) (009 (009  (0.08)  (0.03) (0.07) (071)  (0.02)  (0.03)
—14b...... 057 112 128 0.82 0.11 396 071 1.57 074 100  17.53 0.56 043
0.04) (0.08) (009  (006)  (0.01) (029) (0.08) (0.13) (005 (0.07) (127)  (0.04)  (0.03)
—14r1...... 557 059 135 073 0.28 142 079 094 095 017 100 689 0.07 0.40
041) (004) (0.10) (005 (003 (0.11) (007) (015  (0.10)  (0.02) (0.08) (127)  (0.02)  (0.04)
—16b...... .. 060 081 152 133 009 365 032 142 074 100  17.35 0.61 0.24
0.04) (006) (0.11) (009  (001) (026) (004  (0.11) (005 (0.07) (124)  (0.04)  (0.02)
—167 ...... 527 037 111 047 0.17 123 069  0.69 0.99 017 100 580 0.13 0.26
037) (003) (008 (0.03)  (0.02) (009 (005  (0.10) (0.08)  (0.01) (0.07) (141)  (0.02)  (0.03)
—18b...... 214 465 354 2.47 026 244 ... 1.46 081 100  19.62 0.89 0.29
0.16) (035 (027) (0200  (0.06)  (0.73) 0.18)  (007) (0.08) (177  (0.13)  (0.06)
—1871 ...... 488 024 09 050 0.12 108 ... 1.25 0.64 013 100 682 ... 025
035 (002) (007 (0.04)  (0.02)  (0.09) 059 (009  (002) (0.07) (055 (0.03)
—20b...... 243 547 323 1.57 067 ... 157 .. 100 19.87
030) (067 (042)  (044)  (0.11) (0.69) 0.16)  (2.49)
—20r ...... 1108 044 176  1.00 025 206 ... 143 088 ... 100 798 ... 0.50
094) (004 (015 (0.10)  (0.11)  (0.18) 042 (032 0.10)  (0.69) (0.12)
—22b...... 207 540 123 . 1.03 200 ... 100 1827

©031) (082 (021) 025 (0.92) 020) (352
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TABLE 1—Continued

Lya Nv Civ He n [Nerv] Mgn [Nev] [Omnm] [Neumr] He n Hp [Om] [Fevn] [O1]
Position®® A1216 21240 21550 41640 12423 A2800  A3426 13727 13869 14686 14861 15007 16087 16300
—22r...... 6.78 0.26 1.31 0.49 0.57 0.58 1.00 6.20
(0.70)  (0.03) (0.14) (0.07) 0.11) (0.30) (0.13) 0.71)
—24r...... 8.32 0.46 2.03 0.80 0.29 1.16 0.30 1.00 7.14
(1.02) (0.06) (025 (0.11) (0.09) 0.17) 0.04) (0.16) (0.91)
—26r...... 7.15 0.54 2.29 0.98 0.32 1.06 0.76 1.00 7.13 0.25
(0.83) (0.06) (0.27) (0.12) 0.12) (0.15) (0.37) (0.15) (0.83) (0.05)
—28r...... 6.87 0.57 1.67 0.92 0.74 1.00 7.36
(1.03) (0.09) (0.25) (0.15) (0.15) (0.20) (1.10)
—30r...... 15.70 1.30 5.30 3.00 0.83 0.80 1.00 10.57
(4.33) (0.36) (1.46) (0.83) (0.35) (0.30) (0.38) (2.92)
—32r...... 12.07 1.46 3.64 1.32 e .. 1.00 8.93
(1.92) (0.24) (0.58) (0.22) 0.21) (1.44)
—34r...... 8.05 1.07 2.79 1.74 0.55 2.12 .. 1.00 20.76
(1.28)  (0.18) (045  (0.29) 0.19) (0.90) 0.21) (3.31)
—36r...... 10.36 1.34 4.04 2.09 0.97 1.20 1.12 0.53 1.00 15.53
(1.11)  (0.14) (043) (0.23) 0.14) (0.50) (0.50) 0.12)  (0.13) (1.66)
—38b...... 7.84 1.14 3.02 2.05 0.76 0.34 . .. 1.00 10.19
0.777 (0.11) (0.30) (0.21) (0.13) (0.16) 0.12) (1.01)

Note—Relative to HB. Errors are given in parentheses, in succeeding row.

? In arcseconds, relative to central bin (see Fig. 1); negative positions toward northeast, positive positions toward southwest.
b “r” denotes redshifted and “ b denotes blueshifted (with respect to systemic).

Axon et al. (1998) found evidence for an increase in
emission-line flux and ionization state at a region > 150 pc
northeast of the nucleus, which may be due to the inter-
action of the radio jet which traverses the NLR of NGC
1068 (Wilson & Ulvestad 1983) with interstellar gas clouds.
In fact, several authors have argued that the ionizing radi-
ation emitted by fast (~500 km s~ ') shocks, arising either
from cloud/cloud interactions (cf. Sutherland, Bicknell, &
Dopita 1993) or jet/cloud interactions (Wilson & Raymond
1999; Morse, Raymond, & Wilson 1996), may power the
NLR in Seyfert 2 galaxies. On the other hand, using HST
Faint Object Spectrograph data, Kraemer, Ruiz, & Cren-
shaw (1998) examined conditions in the inner ~ 150 pc of
the NLR and determined that the observed emission lines
could generally arise in gas photoionized by the hidden
AGN (although there appeared to be some additional col-
lisional excitation in the region nearest the radio jet).
Recently, Alexander et al. (2000) found evidence that the
ionizing radiation incident upon the NLR was heavily
absorbed by an intervening layer of gas (although it should
be noted that the spectra these authors analyzed were from
an area encompassing nearly the entire NLR, and thus any
local effects were diluted). In summary, although it is likely
that the NLR is photoionized, both the spectral energy dis-
tribution (SED) of the ionizing radiation incident on the
emission-line clouds and the physical process(es) in which
this radiation arises have yet to be firmly established.

In previous papers, we used Space Telescope Imaging
Spectrograph (STIS) long-slit spectra, taken along a posi-
tion angle (P.A.) of 202°, to examine the nature of the
extended continuum radiation in the NLR (Crenshaw &
Kraemer 2000a, hereafter Paper I), the physical conditions
near the continuum hot spot (Kraemer & Crenshaw 2000,
hereafter Paper II), and the NLR kinematics (Crenshaw &
Kraemer 2000b, hereafter CK2000). Interestingly, we found
that the emission-line gas near the hot spot, in spite of the
presence of coronal lines such as [Fe x1tv] 45303 and [S x1]
A7611, appears to be photoionized by the central contin-
uum source, with no evidence of additional shock heating

(Paper II). In this paper, we use the same long-slit data set
and photoionization models to determine the physical con-
ditions as a function of position within the inner ~ 200 pc of
NLR of NGC 1068. In § 3 we will discuss general trends
derived from the emission-line flux ratios, specifically
reddening and ionization state at different radial positions.
In §§ 4 and 5 we will present the details of photoionization
models of the emission-line gas, which reveal that the physi-
cal conditions vary greatly along different sight lines to the
active nucleus. Finally, we will discuss the implications of
these results, including a possible connection between the
NLR conditions and the orientation of the emission-line
bicone and the host galaxy. We adopt a systemic redshift of
cz = 1148 km s~ ! from H 1 observations (Brinks et al. 1997)
and a distance of 14.4 Mpc (Bland-Hawthorn et al. 1997), so
that 0”1 corresponds to 7.2 pc.

2. OBSERVATIONS AND ANALYSIS

We observed NGC 1068 with HST STIS using a 52 x 071
slit to obtain spectra over 1150-10270 A at a resolving
power of A/AJ =~ 1000. Our slit position (at P.A. = 202°,
offset 0714 north of the continuum peak) intersects a
number of bright emission-line knots in the inner NLR (see
Paper I). We extracted spectra using a bin length of 072
(14.4 pc) along the slit, to obtain reasonable signal-to-noise
ratios for the emission lines. Paper I gives additional details
on the observations and data reduction.

In CK2000, we showed that the [O m] A5007 emission
splits into two major kinematic components (blueshifted
and redshifted relative to the systemic velocity) both north-
east (NE) and southwest (SW) of the optical continuum
peak (hot spot). The other emission lines show the same
general behavior (see Paper I). Since the [O 1] 15007 emis-
sion is isolated from other lines and has the greatest signal-
to-noise ratio over this extended region, we used it as a
template for the other lines. Thus, at each spatial bin, we
fitted the [O m] emission with one or two Gaussians and
determined the velocity positions and widths of each com-
ponent. These positions and widths were then kept fixed for
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TABLE 2
DEREDDENED NARROW-LINE RATIOS AS A FUNCTION OF PROJECTED POSITION FOR P.A. = 202°

Ly« Nv Civ Hem [Neirv] Mgun [Nev] [Omn] [Nem] Hen Hp [Om] [Fevm] [O1]
Position®® E,_, 41216 1240 11550 21640 22423 12800 A3426 A3727 13869 14686 14861° A5007 26087 46300
+00r...... 024 3951 2252 24.68 443 1.89 2.01 451 0.37 0.49 062 1.00;41.57 1242 0.79 0.13
0.02) (5.32) (291) (255 (045 (0.19) (0.16) (0.33) (0.04) (0.04) (0.04) (0.07) 0.92)  (0.06) 0.01)
+02r...... 039 4483 1593 1386 488 1.78 0.79 2.86 1.43 2.44 068 1.00; 1421 19.71 0.49 0.42
0.02) (6.28) (2.17) (1.500 (0.52) (0200 (0.07) (0.22) (0.15) (0.18)  (0.05) (0.07) (1.43)  (0.04) (0.03)
+04b...... 036 3057 8.38 923  3.82 1.16 0.61 0.61 1.85 133 053 1.00;6.16 1422 0.09 0.43
0.03) (6.10) (1.62) (1.32) (0.54) (0.24) (0.08) (0.28) (0.17) (0.11) (0.06) (0.07) (1.02)  (0.03) (0.04)
+08r...... 036 3825 2152 1076 740 1.12 3.57 2.10 1.03  1.00;1.15 1895 0.24
0.07) (20.06) (10.79) (3.67) (2.42) 0.52) (141 (0.54) (0.31) (0.08) (146) (0.12)
+10b...... 040 5137 1407 1537 448 2.53 3.68 1.11 062  1.00; 1.02 9.08 022
0.07) (28.73) (7.53) (5.59) (1.61) (1.498) 093) (041) (0.20) 0.11) (0.99) (0.07)
+10r...... 039 19.36 4.99 6.12 477 2.79 0.87 2.49 1.78 066 1.00;227 1494 021
0.04) (5.800 (144 (@(127) (1.01) (1.000 (029 (1.27) (0.33) (0.11) (0.09) (1.20) (0.03)
+14r...... 032 1052 2.99 444 536 2.96 2.96 1.28 074 1.00;6.11 14.58 0.13 0.08
0.02) (1.76) (0.49) (0.56) (0.66) (0.47) (0.34) 0.12)  (0.07) (0.09) (1.18)  (0.04) (0.01)
+16r1...... 021 1594 3.33 507 478 066  1.00;1.06 15.61
0.08) (11.26) (2.28) (2.83) (2.62) (0.35) (0.60) (6.71)
—02b...... 033 16.82 7.95 8.58 345 2.03 1.13 371 0.47 2.03 048 1.00; 5645 14.66 0.30 0.44
0.02) (224) (1.03) (0.89) (0.35 (0200 (0.09) (0.27) (0.03) (0.14) (0.03) (0.07) (1.03)  (0.02) (0.03)
—02r...... 019 1897 1012 745 1.88 1.03 1.53 2.51 0.27 2.06 026  1.00; 7.86 791 0.39 0.30
0.02) (2.63) (1.36) (0.79) (0.20)0 (0.11) (0.13) (0.19) (0.02) (0.15) (0.02) (0.07) (1.91)  (0.03) (0.02)
—04b...... 042 1647 6.07 6.36  3.62 2.17 0.73 3.76 0.65 2.02 050 1.00; 3527 15.67 0.20 0.28
0.02) (2.23) (0.80) (0.67) (0.37) (0.23) (0.07) (0.28) (0.05) (0.15) (0.04) (0.07) (1.22)  (0.02) (0.02)
—04r...... 020 14.98 3.70 385 1.03 0.42 1.67 1.09 0.48 1.78 0.14  1.00; 4.16 8.22 0.13 0.21
(0.04) (3.84) (091) (0.68) (0.18) (0.100 (0.21) (0.09) (0.07) (0.14) (0.02) (0.07) (3.74)  (0.02) (0.02)
—06b...... 054 2244 493 7.69  3.66 2.93 1.27 3.82 0.63 2.51 051 1.00; 1004 15.90 0.22 0.44

0.02) (299 (0.64) (0.80) (0.37) (030) (0.10) (0.28) (0.05 (0.18) (0.04)  (0.07) (L11)  (0.02)  (0.03)

—08b...... 036 286 472 379 275 034 265 125 174 053 100; 1441 1638 015 043
(0.02) 039) (0.51) (041) (0.30) (0.05 (0200 (0.11) (0.13) (0.04)  (0.07) (1.16)  (0.01)  (0.03)
—08r...... 040 3064 485 557 271 250 122 312 097 145 038 100;11.15 1251 044 061
0.02) (438) (0.67) (0.61) (0.30) (028) (0.12) (023) (0.09) (0.11) (0.03)  (0.07) 094)  (0.03)  (0.04)
—10b...... 018 ... 241 348 324 205 021 224 145 154 045 100;3.65 1549 028  0.70
(0.02) 034) (0.38) (036) (0.23) (0.05) (021) (0.18) (0.16) (0.03)  (0.07) (111)  (0.03)  (0.05)
—10r...... 023 4110 313 680 182 064 255 114 169 090 025 100;247 833 015 042
0.03) (743) (0.55 (0.90) (024) (0.10) (027) (0.14) (0.22) (0.12) (0.02)  (0.07) 095)  (0.04)  (0.03)
—12b...... 051 ... 679 741 310 233 039 200 186 216 043 100;1601 1497 010 043
(0.02) 093) (0.80) (033) (0.27) (0.04) (021) (0.15 (0.16) (0.03)  (0.07) (1.06)  (0.01)  (0.03)
—12r...... 022 3131 351 697 241 072 171 074 123 116 033 1.00;281 735 011 025

0.02) (470) (0.51) (0.79) (027) (0.10) (0.15 (0.12) (0.11) (0.09) (0.03)  (0.07) 0.69 (002  (0.02)

—14b...... 038 500 528 565 353 026 619 098 209 078 100;11.61 1684 040 030
(0.02) 0.66) (0.56) (0.58) (0.37) (0.03) (047 (0.12) (0.17) (0.06)  (0.07) (122)  (0.03)  (0.02)
—14r.... 014 1248 128 235 123 048 192 092 106 106 017 1.00;192 679 006 035
003) (252) (025 (034) (0.17) (0.08) (020) (0.08) (0.18) (0.11) (0.02)  (0.08) (125  (001)  (0.03)
—16b...... 034 ... 402 317 561 480 018 540 042 183 078 1.00;1279 1674 046 0.8
(0.02) 0.52) (0.33) (057) (048) (0.02) (040) (0.06) (0.14) (0.05  (0.07) (120)  (0.03)  (0.02)
—16r...... 026 2407 161 315 127 046 217 093 086 121 018 1.00;335 565 010 020
002) (353) (023) (035 (0.14) (0.06) (0.19) (007) (0.12) (0.10) (0.01)  (0.07) (138)  (001)  (0.02)
—18b...... 013 ... 453 794 591 410 035 285 .. 161 082 100;104 1935 079 026
(0.02) ©0.71) (097 (0.71) (0.50) (0.08) (0.86) 020)  (0.08)  (0.08) 175  (012)  (0.05)
—18r...... 017 1322 063 179 096 024 157 .. 145 073 013  1.00;283 670 0.22
0.04) (344) (0.16) (032) (0.17) (0.05) (0.19) 0.68) (0.10) (0.02)  (0.07) (0.54) (0.03)
—24r.... 027 3985 208 595 224 080 209 ... 031 100;209 694
0.02) (769 (0.39) (0.95) (0.37) (025) (0.32) 0.04)  (0.16) (0.88)
—36r...... 016 2646 330 769 388 179 138 127 054  1.00;1.15 1527
0.05) (10.04) (120) (2.00) (0.98) (0.48) 058 (057) (012)  (0.13) (1.64)

Note.—Relative to HB. Errors are given in parentheses, in succeeding row.
? In arcseconds, relative to central bin (see Fig. 1); negative positions toward northeast, positive positions toward southwest.
b “r” denotes redshifted and “ b denotes blueshifted (with respect to systemic).

° Value after the semicolon is the dereddened Hp flux in units of 10~ 5 ergs cm 2

s~

the other emission lines, and the height of the Gaussians place the emission-line measurements into one of four
were allowed to vary independently to determine the fluxes. quadrants: NE-blue, NE-red, SW-blue, SW-red. The loca-
The advantage of this procedure is that it allows us to deter- tion of the emission is further specified by the projected
mine a consistent set of line ratios for different kinematic distance (in arcseconds) from the center of the bin that con-

components along the same line of sight. We can therefore tains the hot spot.
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Our fitting procedure works well for lines that are rela-
tively isolated (e.g., HB) or for doublets with fixed ratios
(e.g., C v 111548.2, 1550.8). However, many other features,
such as the blend of Hx and N 1 116548, 6584 or the blend
of Hy and [O mI] 14363, are impossible to disentangle in
this fashion, due to the mixing of kinematic components of
different lines. Therefore, we only measured isolated lines
that could yield reliable fluxes for each kinematic com-
ponent. Errors in the fluxes are from the uncertainties in the
Gaussian fits and different reasonable continuum place-
ments (added in quadrature). As in the past, we used the
He 1 A1640/14686 ratio to determine the reddening (see
Paper II) and dereddened the observed ratios using a stan-
dard extinction curve (Savage & Mathis 1979). Errors in the
dereddened ratios include a contribution from the
reddening error (also added in quadrature). The observed
line ratios are listed in Table 1, while the dereddened line
ratios, HB fluxes, and reddening (E5_ ) are listed in Table 2.
Note that our central bin, position 070, is approximately 0”3
north of S1.

3. GENERAL TRENDS

3.1. Reddening

Figure 1a shows E;_ as a function of position along the
slit. Although the reddening shows considerable variation
within each quadrant, it is apparent that the emission-line
gas in the NE-blue quadrant, with an average Ez_, =~ 0.35,
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F1G. 1.—(a) Reddening derived from the He 1 lines (see text); (b) the
dereddened Lya/Hp ratio; (c) the dereddened [O m] A5007/Hp ratio; (d)
the dereddened [O ] A3727/Hp ratio (all as functions of angular distance
from the hot spot). The filled and open squares represent blueshifted and
redshifted emission, respectively (relative to systemic).
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is more heavily reddened than that in the NE-red quadrant,
where the average Ez_, is ~0.22 (there are not enough
data points in the SW quadrants for us to determine trends).
It is possible that both regions are viewed through an exter-
nal screen of dust, corresponding to a reddening of Eg_, =
0.2 and a column of hydrogen of ~10?! cm?, assuming a
typical Galactic gas-to-dust ratio (cf. Shull & van Steenberg
1985). The NE-blue quadrant must be viewed through an
additional column of ~7 x 10?° cm~2. The simple kine-
matic model described in CK2000 requires that the
NE-blue quadrant lies in front of the NE-red quadrant
along our line of sight. Such a geometry can fit the observed
reddening if the difference in the reddening is associated
with the individual components and the total covering
factor of the NE-blue components is small enough that it
does not eclipse much of the NE-red quadrant.

As we will demonstrate in the following sections, the
emission-line gas in the NE-blue quadrant is generally
matter bounded (optically thin). Therefore, we are able to
constrain the column density of the emission-line clouds
and hence their spatial extent across our line of sight. The
extent of the emission-line gas is quite small compared to
the size of the spatial bins (less than a few percent); hence, it
is likely that we are not viewing the NE-red components
through a screen of material in the NE-blue quadrant.

The additional reddening might be associated with the
emission-line gas itself if we are preferentially viewing the
ionized face of the NE-red components while viewing the
back ends of the NE-blue components, which is consistent
with our proposed geometry in CK2000 (the NLR gas in
NGC 4151 is viewed in a similar fashion; Kraemer et al.
2000). However, as we will show, there is insufficient dust
embedded in the emission-line clouds to fully account for
this. Another possibility is that the clouds are filamentary
rather than spherical, in which case the path length for
photon escape may be quite large. However, this requires
that the NE-red components are either more symmetric or,
again, that we are preferentially viewing their illuminated
surfaces. Note that, in the NE-red components, the average
dereddened Lya/Hp is close to case B (24-36; Osterbrock
1989), as shown in Figure 1b, which indicates minimal
destruction of Lya by dust within the emission-line gas
(although there are several cases where the suppression is
significant, as noted in § 5.3). Unfortunately, we were unable
to separate the intrinsic and geocoronal Ly« in the NE-blue
components.

In summary, while this difference in reddening does not
compromise our kinematic model, we cannot determine its
source.

3.2. Density and Ionization

Although we will use photoionization models in order to
make a detailed examination of the physical conditions of
several components of the emission-line gas (see the next
section), we can infer general trends from the [O 1] 45007/
Hp and [O 1] A3727/HP ratios as a function of position
along the slit. These ratios are shown in Figures 1¢ and 1d.

In the NE-blue quadrant, [O m] A5007/Hf increases
slightly between —072 and —0”8, which is followed by a
slight drop out to — 172 then a steeper increase out to —2"0.
The [O ] A3727/HP ratio increases steeply from —0"2 to
—172, followed by an abrupt decrease. One possible inter-
pretation is that the density is high enough (well above the
critical density of 3.3 x 10® cm™3; Osterbrock 1989) that
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[O ] A3727 is significantly suppressed by collisional de-
excitation in the inner 076. Apparently, the density
decreases with the radial distance, as D~ 2, since [O 1]
A5007/H8 is fairly constant, out to — 174, with [O ] 13727/
Hp increasing as the density drops. At this point, there is a
simultaneous rise in [O 1] 45007 and drop in [O 1] 13727,
which appears to be the result of an increase in the ioniza-
tion state of the gas (the relative strength of these lines is a
good indicator of the ionization state in low-density gas
(Ferland & Netzer 1983), which could be the result of a
faster density drop-off or an increase in the flux of ionizing
radiation; we prefer the latter, as we will show in § 5.2.

In the NE-red quadrant, [O 1] A5007/Hp is significantly
lower than in the NE-blue quadrant, which indicates that
this gas is in a lower state of ionization, a point that we will
discuss in § 5.3. [O m] A5007/Hf decreases slightly out to
—176 (with one exception) then recovers somewhat, while
[O m] A3727/Hp shows the same overall trend as in the
NE-blue quadrant. Hence, density appears to be decreasing
with radial distance. Unlike in the NE-blue quadrant, there
is no abrupt increase in relative strength of [O m] 15007;
hence, there is no strong evidence of an increase in the
ionization state of the gas between —174 and —2"0. The
large values of [O m] A5007/Hp at radial distances beyond
—3"0 are most likely indicative of the presence of a large
amount of optically thin gas, as seen in the outer NLR of
NGC 4151 (Kraemer et al. 2000).

There are too few data points in the SW quadrants to
clearly determine trends, due to the overall weakness of
emission in this direction. A possible explanation, consis-
tent with our kinematic model (CK2000), is that the major-
ity of the SW cone lies behind the galactic plane. The
weakness or absence of [O 1] 43727 in the SW-red quad-
rant, although possibly just a detectability problem, is also
consistent with higher densities than in either of the NE
quadrants.

4. PHOTOIONIZATION MODELS

The details of our photoionization code have been dis-
cussed in several previous publications (Kraemer 1985;
Kraemer & Harrington 1986; Kraemer et al 1994). As
usual, the photoionization models are parameterized in
terms of the dimensionless ionization parameter, U, which
is the number of ionizing photons per hydrogen atom at the
illuminated face of the cloud. The inputs to the models
include the gas density (ny), the distance from the nucleus
(D), the number of ionizing photons (Q), the spectral energy
distribution of the ionizing radiation, the elemental abun-
dances, the dust/gas ratio, and the column density of the
emission-line clouds.

The possibility of nonsolar elemental abundances in the
inner NLR of NGC 1068 has been discussed previously
(Netzer 1997; Netzer & Turner 1997; Kraemer et al. 1998).
In Paper II, we argued that there was no strong evidence for
nonsolar O, Ne, and N and that, although the Fe/O ratio
did appear to be supersolar within 30 pc of the hidden
nucleus, this might not be true at larger radial distances.
Therefore, we have chosen to assume solar abundances (cf.
Grevesse & Anders 1989) for these models. The numerical
abundances, relative to hydrogen, are as follows: He = 0.1,
C=34x10"% O0=68x10"% N=12x10"% Ne=
1.1x107% S=15x10"% Si=3.1x 1075 Mg=33
x 1073, and Fe = 4.0 x 1075,

We have assumed that both silicate and carbon dust
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grains are present, although the dust-to-gas ratio, which we
express as a dust “fraction” relative to that in the inter-
stellar medium (ISM) of the Milky Way (cf. Draine & Lee
1984), varies throughout the emission-line region. The
depletions of elements from gas phase are equal to the dust
fraction multiplied by the following ISM depletions (cf.
Snow & Witt 1996): C, 65%; O, 50%; Si, Mg, and Fe, 100%.

Although Alexander et al. (2000) report evidence of the
presence of a big blue bump in the SED of the ionizing
continuum, in Paper II we demonstrated that the emission-
line spectrum from the hot spot could be produced by a
simple power-law continuum. Here we assume the same
ionizing continuum used in Paper II, specifically a broken
power law of the form F,= Kv~% as follows (also, see
Fig. 2):

a=10, hv<136eV, 1)
o =14, 13.6eV <hv<1000eV, )
o =05 hv>1000eV . 3)

The intrinsic luminosity above the Lyman limit, ~3 x 10**

ergs s~ ! (Q ~ 4 x 10°* photons s~ 1, is typical of Seyfert 1
nuclei (Pier et al. 1994). As we will discuss in the following
sections, there is evidence at specific locations that the ion-
izing continuum has been modified by either (1) absorption
by intervening gas or (2) an additional component of UV—
X-ray radiation, such as that produced by a fast shock.

For each position, we found the best fit was obtained by a
two-component model, with the density (ny) and the dust
fraction of each left as free parameters. Multiple component
models were used with success in our earlier study of the
NLR in NGC 1068 (Kraemer et al. 1998), while Kraemer et
al. (2000) and Schulz & Komossa (1993) found strong evi-
dence for components of different densities at the same
radial distances to model the NLR and extended NLR,
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FiG. 2.—Ionizing continua used for the nonshock models. The solid
line is the intrinsic continuum used for SW-red and inner NE-blue quad-
rants. The dotted line is the continuum transmitted though an X-ray
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continuum used for the NE-red quadrant, showing the cumulative effects
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Ny = 1.0 x 10'® cm™2). The locations of the H 1, He 1, O vi, and O vir
ionization edges are indicated.
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respectively, in NGC 4151 (one might infer that local
density inhomogeneity is a typical characteristic of the
NLR). To determine the distance between the emission-line
clouds and the central source, D, we measured the angular
separation of the center of each extraction bin and the loca-
tion of the S1 radio source (see Paper II and references
therein). We did not correct for projection effects, which
would only increase D by a factor <1.4 (CK2000). We
chose the dust fraction to account for the suppression of
resonance lines (e.g., Lyax and C 1v 41550) but were con-
strained by the strength of emission lines such as Mg 1t
12800 and [Fe vir] 46087, whose presence requires a
portion of these elements to be in gas phase.

Similar to the approach taken in Kraemer et al. (1998),
we have assumed that one component is screened from the
ionizing source by the other, the denser gas by the more
tenuous component. In such a model, the covering factor of
the dense component with respect to the continuum source
is constrained by the covering factor of the tenuous gas by
which it is screened. Note that this is different than the
geometry assumed in Paper II, in which the low- and high-
ionization gases were not coplanar. Such a geometry is
plausible in the case of the hot spot, since the low-ionization
lines were redshifted with the respect to the high-ionization
lines. However, in the extended emission-line gas, there are
low- and high-ionization lines with the same velocities,
which implies that the regions of different ionization are
kinematically associated. The total column density, Ny (the
sum of the columns of ionized and neutral hydrogen), of the
tenuous component was fixed to provide the best fit to the
He 1 lines, while that of the denser component was con-
strained by the observed strength of the [O 1] 16300 line.

Our photoionization code does not include the pumping
of UV resonance lines by scattering of continuum radiation
and continuum fluorescence (cf. Ferguson et al. 1995). In
modeling the hot spot spectrum, we generated comparison
models with CLOUDY90 (Ferland et al. 1998) and did not
find this effect important for C v 11550, at turbulent veloci-
ties less than 500 km s~ !. The reasons are twofold. First, for
very optically thick lines (ty;,¢ center > 100) the pumping effi-
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ciency is low. Second, in typical NLR conditions (e.g., a
cloud with ny = 10*, U = 10~ 2, which is optically thick at
the He 1 Lyman limit), the contribution to C v 11550 from
collisional excitation dominates any boost from resonance
scattering. However, in Paper II we find that resonance
scattering is an important effect for other UV resonance
lines, such as C 11 411335 and N v 41240, for which collisional
excitation is less dominant, due to weak collision strengths
or smaller ionic columns. Hence, the predicted N v 11240
flux is a lower limit, since pumping can boost the relative
strength of this line by a factor of 2-3 for the conditions in
typical emission-line gas and turbulent velocities less than
500 km s~ ! (we do not expect that the turbulent velocities
are even this high, given the fact that the FWHM of the
emission lines is less than 1000 km s~ ! and the broadening
is probably partially due to the superposition of different
kinematic components).

5. MODEL RESULTS

5.1. NE-blueshifted Quadrant—Photoionization by the AGN

As noted above, we initially assumed that the blueshifted
emission-line gas NE of the optical continuum peak is
ionized solely by the continuum radiation emitted by the
hidden AGN. To test this, we first fit the emission-line spec-
trum from the bin centered at —072. The physical parame-
ters for the two components and a comparison of the model
prediction to the observed line ratios are given in Table 3.°
Assuming equal contributions to the HfB flux from each
component, we obtained a very good fit for each emission
line (the model fits the data within a factor of 2 and, gener-
ally, much better than that). The one exception is N v
A1240, which is often poorly fit, even with the expected
boost from resonance scattering. We have discussed the

5 In Tables 3-14, we list, in addition to the model parameters described
in § 4, the following: the predicted emitted Hp flux (Fy,); the emitting area,
which is the observed Hf luminosity divided by Fy,; the Depth, which is a
lower limit to the distance the emitting region projects into the plane of the
sky, constrained by the slit width (7.2 pc); and the fraction each component
contributes to the total Hf flux.

TABLE 3

LiNE RaTIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR —0?2 NE, BLUESHIFTED (D = 45 pc)

Line Tenuous®  Dense®  Composite® Observed?
Lya 41216 + O v]...... 19.92 29.73 24.83 16.82 +2.24
NvAl240............... 1.64 0.00 0.82 7.95 + 1.03
Crv A1550 .ooovennennnt 16.73 0.34 8.54 8.58 + 0.89
He m 11640.............. 7.06 0.38 372 345+ 0.35
[Nerv] 22423........... 2.10 0.02 1.06 2.03 £ 0.20
Mg 42800 ............. 0.00 1.57 0.79 1.13 + 0.09
[Ne v] 43426 ........... 5.02 0.00 2.51 3.71 £ 0.27
[O n] 43727 ............ 0.01 0.52 0.27 0.47 +0.03
[Ne m] 43869........... 0.57 2.29 1.43 2.03 +0.14
He 1 14686.............. 0.99 0.06 0.52 0.48 + 0.03
[O m] A5007............ 13.37 19.18 16.28 14.66 + 1.03
[Fe vi] 26087 .......... 0.56 0.00 0.28 0.30 £+ 0.02
[O1] 26300 ............. 0.00 0.88 0.44 0.44 + 0.03

2U=10""5 ny =2 x 10* ecm™3, Ny =67 x 10> cm™?; Flux,, = 1.14 ergs

-2

cm

bU:

s~ 1, dust fraction = 10%, emitting area = 1.1 x 10%° cm?, Depth > 16.2 pc.

10723, Ny =1 x 10°em™3, Ny = 1 x 10%! em ™ ?; Fluxy,; = 4.21 ergscm >

s~1, dust fraction = 10%, emitting area = 3.3 x 1037 cm?, Depth > 0.48 pc.
¢ 50% tenuous, 50% dense.
4 Dereddened; E;_,, = 0.33 + 0.02.
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underprediction of this line by photoionization models
(Kraemer et al. 2000; Paper II), although we have no ready
explanation.

The line ratios do not vary significantly among the bins
from —072 to —1”2 (see Table 2), which implies that the
density is falling off roughly as D~ 2. To test this, we gener-
ated a model of the emission-line spectrum in the bin at
— 170, lowering the densities of the two components accord-
ingly (we increased Ny by a factor of 3 to match the
strength of the [O 1] 46300 line). The comparison of the
model and the observed line ratios is given in Table 4. Again
the fit is reasonably good. The overprediction of C v 411550
and Mg m 42800 could be easily rectified by assuming a
slightly higher dust fraction than the 10% assumed here
(hence, we assumed a somewhat higher dust fraction for the
emission-line gas farther out). Although the N v 11240
might be fit with a turbulent velocity of 500 km s~ !, this
would worsen the C 1v 41550 fit.

5.2. NE-blueshifted Quadrant—AGN + Shock

Although irradiation by the central source appears to be
the dominant process in the inner 120 pc, it does not seem
to fully explain the emission-line spectrum near —174,
which shows a large He nm 14686/Hf ratio and strong
[Ne 1v] 42423 and [Ne v] 43426 lines, as shown in Figures
3a-3c. The increase in the He m 14686/Hp ratio could be
explained by a greater fraction of optically thin, tenuous
gas; however, such conditions would result in weak [ Ne 1v]
A2423 and, perhaps, [Ne v] 13426. Also, the relative
strengths of the low-ionization lines, such as [O 1] 16300
and [O 1] 43727, are not appreciably different than in the
emission-line gas closer to the nucleus, which constrains the
fraction of more highly ionized gas.

As noted in § 1, Axon et al. (1998) discussed the possibility
of an additional source of ionizing radiation in the inner
NLR of NGC 1068, perhaps arising from the interaction of
the emission-line clouds or radio jet with the interstellar
medium. Models of fast shocks (V... = 400 km s~ 1) predict
strong EUV and X-ray continuum and line emission from
the shock front (cf. Sutherland et al. 1993; Morse et al.
1996). Since the emission-line clouds at radial distances
greater than 100 pc appear to be decelerating from
maximum velocities of ~1000 km s~ ! (given projection
effects; CK2000), it is entirely plausible that such fast shocks
arise. Recent STIS long-slit observations, which mapped the
NLR of NGC 1068 at a resolving power of 1/Al =~ 10,000,
show local velocity structure which may be evidence of
cloud disruption due to shocks (see Cecil et al. 2000, in
preparation).

The combined effects of shocks and photoionization by
an AGN have been modeled by Viegas-Aldrovandi &
Contini (1989a and 1989b and references therein to their
earlier work). However, these were generated for a specific
range size and structure of the emission-line clouds and are
not readily applicable to the present data. Although our
photoionization code does not include shocks, we have
approximated their effect by combining the continuum
from the hidden AGN, appropriately diluted by distance,
with the ionizing radiation from the shock front. This was
done in a simplistic fashion, by assuming that both the
AGN radiation and shock-induced radiation are incident
upon the same “face” of the cloud. Although this is almost
certainly not the case for radially outflowing clouds, it is
sufficient to demonstrate the effects of an additional source
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of UV—X-ray radiation. For the shock-induced radiation,
we used models generated by Wilson & Raymond (1999) for
shock velocity of 1000 km s~ (see Fig. 4). The observed
2-10 keV flux is ~(2-8) x 10712 ergs ecm~2 s, or (0.5
2.0) x 10*! ergs s~ !, assuming a distance of 14.4 Mpc
(Bland-Hawthorn et al. 1997), which is consistent with the
X-ray emission produced by the starburst disk in NGC
1068 (Wilson et al. 1992; Turner et al. 1997). Since the star-
burst is likely to contribute most of the extended X-ray flux,
we scaled to a total shock luminosity above the Lyman
limit to ~10*% ergs cm 25~ 1, (~5 x 10*° ergs s~ ! in the
2-10 keV band), which can be produced by an emitting area
of ~103° cm? for a precursor gas density of ny = 10° cm 3.
Of course, the shock-induced luminosity could be much
lower.

For the model of the —174 bin, we assumed that the
shock front contributes ~2.5 times the ionizing flux of the
central source, which, given our scaling of the shock,
requires distance from the shock of 10 pc (i.e., within an
extraction bin). The comparison of the model and obser-
vations is given in Table 5. For the bin centered at — 18, we
assumed the shock contributes ~2.8 times the flux of the
central source. The results are given in Table 6. Considering
the crude manner in which we included the effects of the
shock, the model predictions fit the observed emission-line
ratios reasonably well. The underpredictions of [Fe vir]
A6087 may indicate that less iron is depleted onto dust
grains than we assumed. The underprediction of the [Ne 1v]
A2423 is slightly troubling, although the fit is only margin-
ally outside our limit of acceptability, since its relative
strength was one of the spectral features that suggested a
boost in ionization. The shock-induced emission is pri-
marily a combination of free-free continuum and recombi-
nation lines (Sutherland et al. 1993), and the frequency grid
in our photoionization models is somewhat coarse
(Kraemer 1985); hence, we may have missed important
emission features above 63.5 eV (the ionization potential for
Ne m). Alternatively, the strength of collisionally excited
UV lines can be enhanced in high temperature (2 x 10*-103
K) zones behind the shock front (cf. Allen, Dopita, & Tsev-
tanov 1998), an effect which we have not included, although
one would expect that would result in overpredictions of
C 1v 41550 and [Ne v] 13426. Of course, the fit for [Ne 1v]
A2324 would have been even worse without including the
shock-induced ionizing radiation.

5.3. NE-redshifted Quadrant

Based on the observed emission-line ratios (e.g., [O 1]
A5007/Hp, He 1 14686/Hp, and [O m] A5007/[O 1] 43727,
Figs. 1c, 3a, and 3d, respectively), it is apparent that the
NE-red gas is generally in a lower state of ionization than
the NE-blue gas. There are several ways in which this might
occur. One is if the redshifted gas is actually at larger radial
distance from the central source than the corresponding
blueshifted gas. However, the kinematics of the [O mi]
emission-line gas suggests that the bicone axis is nearly in
the plane of the sky (CK2000); hence, the red- and blue-
shifted components along any sight line are probably at
roughly the same distance from the nuclear source.
Although the lower ionization state of the redshifted gas
could be due to its having a higher density than its blue-
shifted counterpart, the presence of [O 1] 43727 in both
components would suggest otherwise (although we do find
that the redshifted components may be somewhat denser).
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TABLE 4
LiNE RaTIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 170 NE, BLUESHIFTED (D = 100 pc)
Line Tenuous®*  Dense®  Composite® Observed?
Lya 21216 + O v]...... 16.27 24.56 20.42
NvAl240............... 1.08 0.00 0.54 241 +0.34
Crv A1550 ..oovenneenne 12.50 0.23 6.37 3.48 + 0.38
Hem 41640.............. 6.98 0.34 3.66 324 +0.36
[Ne 1v] 22423........... 2.05 0.03 1.04 205+ 023
Mg 1 42800 ............. 0.00 147 0.74 0.21 £+ 0.05
[Ne v] 43426 ........... 4.12 0.00 2.06 224 + 021
[O n] 43727 ............ 0.02 1.69 0.86 145+ 0.18
[Ne m] 43869........... 0.57 1.99 1.28 1.54 £ 0.16
He 1 24686.............. 0.98 0.05 0.52 0.45 + 0.03
[O m] A5007............ 13.15 18.14 15.65 1549 + 1.11
[Fe vir] 46087 .......... 0.52 0.00 0.26 0.28 + 0.03
[O 1] 46300 ............. 0.00 1.44 0.72 0.70 £+ 0.05
2U=10""5 ny=4x10° cm™3, Ny =67 x 10> cm™?; Flux,, = 0.24 ergs
cm~?s™ 1, dust fraction = 10%, emitting area = 1.89 x 10*% cm?, Depth > 2.76 pc.
PU=10"%5ny; =2 x 10*cm ™3, Ny = 3 x 10*! cm™?; Flux, = 0.88 ergs cm ™2
s~ 1, dust fraction = 10%, emitting area = 5.14 x 1037 cm?, Depth > 0.76 pc.
¢ 50% tenuous, 50% dense.
4 Dereddened; E;_,, = 0.18 + 0.02.
1.2 A more plausible explanation is that the redshifted gas is
1.0 © s exposed to a lower flux of ionizing radiation. Although this
2 0.8} "aa Bl could be the result of an intrinsically anisotropic radiation
S o6l t + | field, we think it is more likely the result of a component of
° #3 ntuny L] gas close (<30 pc) to the central source, which absorbs
T 04r o m O 7 some fraction of the ionizing radiation emitted toward the
0.2 SoD g . n redshifted gas. Notably, if there is mix of optically thin and
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Fi1G. 3—a) Dereddened He m 14686/Hp ratio; (b) the dereddened
[Ne 1v] A12423/Hp ratio; (c) the dereddened [Ne v] 13426/H} ratio; (d) the
dereddened [O m] A5007/[O II] A3727 ratio (all as functions of angular
distance from the hot spot). The filled and open squares represent blue-
shifted and redshifted emission, respectively (relative to systemic).

thick components among the emission-line gas, as is the
case in the NE-blue quadrant, the lower value of the He it
A4686/Hp ratio is evidence for a paucity of photons above
the He m Lyman limit, which can be caused by an inter-
vening absorber (Alexander et al. 1999; Kraemer et al.
2000).
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F1G. 4—Ionizing radiation field produced by a 1000 km s~ * shock. The
flux scale is normalized to a preshock density of 103 cm 3. The radiation
consists of numerous emission lines with an underlying thermal brems-
strahlung continuum. The bins for energies less than 150 eV are too broad
to show the detailed emission-line structure, as noted in the text. (The
shock model predictions are courtesy of J. C. Raymond).
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TABLE 5

LiNE RaTiOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 174 NE, BLUESHIFTED (D = 130 pc)

Line Tenuous® Dense® Composite® Observed?

Lya 21216 + O v]...... 1291 41.50 17.20

Nvi1240............... 1.42 0.00 1.21 5.00 + 0.66
CivAl550 .............. 5.01 0.26 4.30 5.28 +0.56
Hem A1640.............. 5.79 0.18 495 5.65 + 0.58
[Ne1v] 22423........... 1.76 0.01 1.50 3.53+0.23
Mg 42800 ............. 0.00 3.13 0.47 0.21 4+ 0.05
[Ne v] 43426 ........... 6.70 0.00 5.70 6.19 + 047
[O ] A3727 ............ 0.04 521 0.82 0.98 + 0.12
[Ne m] 43869........... 1.23 3.87 1.63 2.09 +0.17
He m 14686.............. 0.88 0.03 0.75 0.78 4+ 0.06
[O m] A5007............ 17.26 18.54 17.45 16.84 + 1.22
[Fe vir] 46087 .......... 0.18 0.00 0.15 0.40 4+ 0.03
[O 1] 46300 ............. 0.00 3.01 0.45 0.30 + 0.02

*U=10""3 ny =3 x 10° cm™3, Ny =29 x 10>' cm~?; Fluxy, = 0.55 ergs
cm~ 251, dust fraction = 25%, emitting area = 4.45 x 1038 cm?, Depth > 6.56 pc.

PU=10"%% ny=2x10* em™3, Ny =67 x 10*° cm™?; Fluxy, = 029 ergs
cm~ 2571, dust fraction = 25%, emitting area = 1.49 x 10°® cm? Depth > 2.19 pc.

¢ 85% tenuous, 15% dense.
4 Dereddened; Ez_,, = 0.38 + 0.02.

As mentioned in § 1, Alexander et al. (2000) found strong
evidence that the narrow-line gas in NGC 1068 is irradiated
by continuum which has been partially absorbed by a
neutral hydrogen column of ~6 x 10'° cm~2. Similar to
the situation for NGC 4151 (Kraemer et al. 2000), we
modeled the absorber as a large column of highly ionized
gas (an “X-ray” absorber) and a thinner, outer layer of low
ionization gas (a “UV ™ absorber). For the X-ray absorber,
we assumed U = 1.0 and Ny = 3.7 x 1022 cm ™2, while for
the UV absorber U = 10~ %7 and Ny = 1.0 x 10!° cm~2.
The effects of the absorbers on the ionizing continuum are
shown in Figure 2, with deep edges due to H 1, at 13.6 eV,
and He m, at 54.4 eV, primarily from the UV absorber, and
the combined effects of O vir and O v, above 740 eV, from
the X-ray absorber.

We modeled redshifted components from the following
four bins: —072, —170, — 174, and —1"8. The comparison

of the model predictions and the observed line ratios are
given in Tables 7-10. Although the fits are generally good,
in three of four cases the models overpredict the Lya/Hp
ratio, even though we assumed a higher dust fraction for the
redshifted components. This may provide a clue to the
structure of the emission-line knots. We assumed that the
denser gas is screened by a more tenuous layer, and among
the redshifted components the bulk of the Lya arises in the
dense gas. We have not included the effects of resonance-
line scattering of Lya photons by the outer, tenuous com-
ponent, but there is enough neutral hydrogen such that the
mean optical depth of Lya is large (> 10°). Therefore, we
believe that we are viewing the denser gas through a sub-
stantial column of tenuous gas, in which there is additional
suppression of Lya.

An odd feature of the models is the overprediction of
[Ne m] A3869 in the three outer bins, since this line is

TABLE 6

LiNe RaTiOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 1”8 NE, BLUESHIFTED (D = 160 pc)

Line Tenuous®  Dense®  Composite® Observed?

Lya 41216 + O v]...... 10.97 36.86 13.56

NvAl240............... 1.32 0.00 1.19 4.53 +0.71
Cv 1550 ....c...ene.. 713 0.19 6.44 794 + 097
He m 11640.............. 6.09 0.21 5.50 5914+ 0.71
[Nerv] 22423........... 221 0.01 1.99 4.10 £+ 0.50
Mg 12800 ............. 0.00 2.64 0.28 0.35 + 0.08
[Ne v] 43426 ........... 5.76 0.00 5.18 2.85 + 0.86
[O u] 43727 ............ 0.05 421 0.47

[Ne m] 13869........... 1.18 3.26 1.39 1.61 +0.20
He 1 14686.............. 0.88 0.03 0.79 0.82 + 0.08
[O m] A5007............ 18.64 18.21 18.60 19.35 + 1.75
[Fe vi] 246087 .......... 0.33 0.00 0.29 0.79 £ 0.12
[O 1] 46300 ............. 0.00 1.81 0.18 0.26 + 0.03

*U=10""% ny =3 x 10° cm™3, Ny =15 x 10>' cm~?; Fluxy, = 0.34 ergs
cm~2s™1, dust fraction = 25%, emitting area = 6.38 x 1037 cm?, Depth > 1.0 pc.

PU=10"%% ny=2x10* ecm™3, Ny =44 x 10> cm™?; Fluxy, =029 ergs
cm~2s71, dust fraction = 25%, emitting area = 8.9 x 103¢ cm?, Depth > 0.13 pc.

° 90% tenuous, 10% dense.
4 Dereddened; Ez_,, = 0.13 + 0.02.
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TABLE 7

LiNE RaTIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 0”2 NE, REDSHIFTED (D = 45 pc)

Line Tenuous® Dense® Composite® Observed?
Lya 41216 + O v]...... 18.67 45.86 39.06 18.97 + 2.63
NvA1240............... 244 0.00 0.61 10.12 + 1.36
Civ A1550 .............. 31.95 0.02 8.00 745+ 0.79
HemA1640.............. 6.64 0.22 1.83 1.88 + 0.20
[Ne 1v] 22423........... 2.64 0.00 0.66 1.03 + 0.11
Mg 1 42800 ............. 0.00 3.12 2.34 1.53 4+ 0.13
[Ne v] 43426 ........... 597 0.00 1.49 2.51 +0.19
[O ] A3727 ............ 0.03 0.66 0.50 0.27 4+ 0.02
[Ne m] 43869........... 0.62 2.80 2.26 2.06 + 0.15
Hem A4686.............. 0.92 0.03 0.25 0.26 + 0.02
[O m] A5007............ 22.22 4.90 9.23 791+ 191
[Fe vi] 46087 .......... 0.57 0.00 0.14 0.39 4+ 0.03
[O 1] 46300 ............. 0.00 0.36 0.27 0.30 4+ 0.02

2U=10""7, ny =4 x 10° cm ™3, Ny = 3.0 x 10*° cm~?; Fluxy, = 9.65 x 1072
ergs cm~ 2 s~ 1, dust fraction = 25%, emitting area = 5.04 x 103® cm?, Depth > 7.42

pc.

x 107! ergs cm™? s7!

Depth > 3.61 pc.
¢ 25% tenuous, 75% dense.
4 Dereddened; E;_; = 0.19 + 0.02.

generally well fit by photoionization models. Furthermore,
the predictions for the other neon lines are quite good. We
do not have an explanation for this discrepancy.

In addition to finding evidence for somewhat higher den-
sities, we do not find evidence that ny oc D~2, as in the
blueshifted gas. There is a shallower fall-off (ccD™!-%)
between 40 and 100 pc, with the density remaining fairly
constant out to ~ 200 pc, which may be evidence of a some-
what different confining medium.

Although our model predictions provide a good fit to the
data, there are some open issues. First, the —0”8 bin has a
noticeably higher excitation spectrum than any of the other
redshifted points (see Table 2). This could be due to an

YU=10"3%% ny=25x10° ecm™3 Ny=25x 10" cm™2?; Fluxy
, dust fraction = 50%, emitting area =245 x 10

=596
45 om?

cm?,

additional component of ionizing radiation, due to shocks,
or the absence of absorption between this region and the
central source. Second, the velocities of the redshifted com-
ponents are similar to those of the blueshifted components
at the same radial distance (CK2000). Hence, the force
which drives these clouds outward does not seem to be
significantly diminished by the intervening absorber.

5.4. SW-blueshifted Quadrant

Due to the weakness of the flux in the SW-blue quadrant,
we were only able to obtain dereddened emission-line ratios
for two bins, centered at + 074 and + 170. The spectra from
both bins are somewhat unusual. In the + 074 bin, the large

TABLE 8

LiNE RATIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 170 NE, REDSHIFTED (D = 100 pc)

Line Tenuous® Dense® Composite® Observed?
Lya 41216 + O v]...... 27.59 43.06 39.97 41.10 + 7.43
Nva1240............... 3.25 0.00 0.65 3.13 +0.55
Crv A1550 .............. 38.95 0.01 7.80 6.80 + 0.90
Henm A1640.............. 6.98 0.49 1.79 1.82 + 0.24
[Ne 1v] 22423........... 2.60 0.00 0.52 0.64 + 0.10
Mg 42800 ............. 0.00 2.30 1.84 2.554+0.27
[Ne v] 43426 ........... 5.89 0.00 1.18 1.14 4+ 0.14
[O n] A3727 ............ 0.04 2.32 1.86 1.69 + 0.22
[Ne m] 13869........... 0.43 2.62 2.18 0.90 4+ 0.12
He nm 14686.............. 0.96 0.07 0.25 0.25 + 0.02
[O m] A5007............ 17.53 491 7.43 8.33 +0.95
[Fe vi] 26087 .......... 0.59 0.00 0.12 0.15 + 0.04
[O 1] 46300 ............. 0.00 0.52 0.42 0.42 4+ 0.03

2U=10""8 ny=1x10° ecm™3, Ny = 5.6 x 10'° cm™?; Fluxy, = 4.66 x 1073
ergs cm~2 s~ 1, dust fraction = 25%, emitting area = 2.63 x 10*° cm?, Depth > 38.0

pc.

2 1

x 107! ergs cm™% s~
Depth > 4.35 pc.
¢ 20% tenuous, 80% dense.

4 Dereddened; E;_,, = 0.18 + 0.02.

PU=10"%¢ ny=62x10* cm™3, N,;=28x 10 cm~?; Fluxy
, dust fraction = 50%, emitting area = 2.95 x 10

= 1.66
gs sz’
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TABLE 9

LiNE RaTiOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 174 NE, REDSHIFTED (D = 130 pc)

Line Tenuous® Dense® Composite® Observed?
Lya 41216 + O v]...... 24.63 42.45 39.78 1248 + 2.52
Nvi1240............... 1.52 0.00 0.23 1.28 + 0.25
CivAl550 .............. 30.10 0.00 4.52 2.35+0.34
Hem A1640.............. 6.57 0.36 1.29 1.23 +0.17
[Ne1v] 22423........... 2.81 0.00 0.42 0.48 + 0.08
Mg 42800 ............. 0.00 248 2.11 1.92 + 0.20
[Ne v] 43426 ........... 4.23 0.00 0.63 0.92 + 0.08
[O ] A3727 ............ 0.08 2.80 2.39 1.06 + 0.18
[Ne m] 43869........... 0.86 2.37 2.14 1.06 + 0.11
He m 14686.............. 091 0.05 0.18 0.17 + 0.02
[O m] A5007............ 24.82 3.35 6.57 6.79 + 1.25
[Fe vi] A6087 .......... 0.64 0.00 0.10 0.06 + 0.01
[O 1] 46300 ............. 0.00 0.46 0.39 0.35 + 0.03

*U=10""% ny =8 x 10> cm~3, Ny = 5.9 x 10'® cm™?; Fluxy, = 4.23 x 1073
ergs cm~ 2 s~ 1, dust fraction = 25%, emitting area = 1.69 x 103° cm?, Depth > 24.9

pe.

YU=10"37, ny=50x10* cm™3, Ny=14x 10 cm~2; Fluxy
, dust fraction = 50%, emitting area = 5.86 x 10

x 1072 ergs cm™? s !

Depth > 8.64 pc.
¢ 15% tenuous, 85% dense.
4 Dereddened; Ez_; = 0.14 + 0.03.

He m A4686/Hp indicates the presence of highly ionized,
optically thin gas, while the [Ne v] 43426 and [Fe vi]
46087 lines are much weaker than one would expect from
gas with an extended He "2 zone. Also, C v 11550 and N v
A1240 are quite strong, particularly compared to the weak-
ness of the [Ne v] 13426. The spectrum from the + 170 bin
shows very strong high-ionization lines, such as He 11 14686,
C 1v A1550, and N v 11240, while the [O m1] A5007/[O 1]
A3727 ratio is ~2.5, indicative of fairly low ionization gas
(Ferland & Netzer 1983).

It is possible to produce strong He 1 lines at the same
time as weak [Ne v] 43426 in very highly ionized gas
(U > 1071, in which most of the neon is in the form of
Ne vi and higher. Although there will be similarly small

=690
45 om?

cm?,

amounts of C 1v and N v, these lines will be strong relative
to [Ne v], due to their larger collision strengths, greater
abundance (in the case of carbon), and, since these are reso-
nance lines, continuum pumping. As such, we have modeled
the +074 bin as the superposition of such a highly ionized,
optically thin component, ~ 14 pc from the hidden AGN,
and a low-ionization, optically thick component. Unlike
our other models, the optically thick gas is not screened in
the thin component but is out of the plane and ionized only
by scattered continuum emission (~0.5% of the continuum
radiation incident on the optically thin gas). Presumably,
this component is blocked from the AGN by an extremely
optically thick absorber, similar to the model used for the
hot spot (Paper II). Such a geometry can account for the

TABLE 10

LiNe RATIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR — 1”8 NE, REDSHIFTED (D = 160 pc)

Line Tenuous® Dense® Composite® Observed?

Lya 41216 + O v]...... 23.18 42.01 39.19 13.22 + 3.44
NvAl240............... 0.59 0.00 0.09 0.63 + 0.16
Crv A1550 .............. 21.53 0.00 323 1.79 + 0.32
Henm A1640.............. 5.94 0.28 1.12 0.96 + 0.17
[Ne 1v] 12423........... 2.68 0.00 0.40 0.24 4+ 0.05
Mg 42800 ............. 0.01 1.26 1.07 1.57 + 0.19
[Ne v] 43426 ........... 2.53 0.00 0.38

[O u] A3727 ............ 0.17 292 2.51 1.45 + 0.68
[Ne m] 13869........... 1.56 2.32 2.21 0.73 + 0.10
He m 14686.............. 0.83 0.04 0.16 0.13 + 0.02
[O m] A5007............ 3248 247 6.97 6.70 + 0.54
[Fe vi] 46087 .......... 0.59 0.00 0.09

[O1] 46300 ............. 0.00 0.39 0.33 0.22 + 0.03

*U=10"%° ny =8 x 10*> cm™>, Ny = 5.9 x 10'® cm™?; Fluxy, = 447 x 1073
ergs cm~2 s~ 1, dust fraction = 25%, emitting area = 2.36 x 10*° cm?, Depth > 34.7

pc.

YU=10"3% ny=40x10* cm 3 N,=89x 10'® cm~?; Fluxy,
, dust fraction = 75%, emitting area = 1.72 x 10

2 1

x 1072 ergs cm™ % s~
Depth > 25.1 pc.
¢ 15% tenuous, 85% dense.

4 Dereddened; Ez_,, = 0.17 + 0.04.

=347
gQ 2

cm?,
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TABLE 11

LINE RATIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR + 074 SW, BLUESHIFTED (D = 14 pc)

Line High Ion® Low Ion® Composite® Observed?
Lya 41216 + O v]...... 41.81 (47.20) 28.02 24.59 (33.77) 30.57 + 6.10
NvaA1240............... 9.78 (27.11) 0.00 2.93 (8.13) 8.38 +1.62
Civ Al550 .............. 4.85 (11.26) 1.79 2.71 (4.63) 9.23 +1.32
Hem A1640.............. 7.70 1.80 3.57 3.82+0.54
[Ne 1v] 42423........... 0.04 041 0.30 1.61 + 0.24
Mg 22800 ............. 0.00 0.67 0.47 0.61 4+ 0.08
[Ne v] 43426 ........... 1.74 0.29 0.73 0.61 + 0.28
[O ] A3727 ............ 0.00 1.78 1.25 1.85+0.17
[Ne m] 43869........... 0.00 1.77 1.25 1.33+0.11
He m 14686.............. 0.99 0.26 0.48 0.53 4+ 0.06
[O m] A5007............ 0.01 20.76 14.53 14.22 + 1.02
[Fe vir] 46087 .......... 0.00 0.13 0.09 0.09 + 0.03
[O 1] 46300 ............. 0.00 0.56 0.39 0.43 + 0.04

Note.—Values in parentheses are for a turbulent velocity of 100 km s~ ! (see discussion in

text).

U =10""%, ny = 1.5 x 10* em ™3, Ny = 5.0 x 10*° cm™2; Fluxy, = 0.37 ergs cm ™2
s~ 1, no dust, emitting area = 1.22 x 10%% cm?, Depth > 1.80 pc.

*U=10"%", ny =30 x 10°> cm ™3, Ny = 2.0 x 10** cm™?; Fluxg, = 0.30 ergs cm™>
s~ 1, dust fraction = 10%, emitting area = 3.57 x 1038 cm?, Depth > 5.25 pc.

¢ 30% high ion, 70% low ion.
4 Dereddened; E;_, = 0.36 + 0.03.

presence of low-ionization, low-density gas, in which the
[O 1] A3727 arises, at such a small distance from the central
source. The details and predicted line ratios are given in
Table 11, and the fit is quite good, with the exception of
[Ne 1v] A2423. Note that we have included CLOUDY90
predictions for the boost due to continuum pumping for
Lya, N v 11240, and C 1v 11550, assuming a turbulent
velocity of 100 km s~ ! in the highly ionized component.
Even at such low velocity, the boost is significant, since
Tiine center < 100 for each of these lines; hence, the pumping
probability is nonnegligible.

Due to the large uncertainties in the line fluxes, we have
not attempted to model the emission-line ratios for the bin
centered at + 170. However, the strong C 1v and N v lines
coupled with the relatively low ionization state indicated by

the optical line ratios are evidence that we are again viewing
a superposition of highly ionized gas within the emission-
line bicone and low-ionization gas outside the bicone.

5.5. SW-redshifted Quadrant

The spectra from the SW-red quadrant are characterized
by a combination of high- and low-excitation emission
lines, similar to the NE-blue quadrant. As discussed in
CK2000, the kinematic profiles of the two quadrants are
similar. Therefore, we assumed that the SW-red gas is
directly ionized by the central continuum source.

The bins centered at +070 and + 072 overlap the region
nearest the hot spot, and the models discussed in Paper II
apply to these regions as well; therefore, we started with the
bin centered at + 1”0. Our predicted emission-line ratios fit

TABLE 12

LiNE RaTIOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR + 170 SW, REDSHIFTED (D = 55 pc)

Line Tenuous®  Dense®  Composite® Observed?

Lya 41216 + O v]...... 14.90 31.64 19.09 19.36 + 5.80
NvAl240............... 0.75 0.00 0.56 499 + 1.44
Crv A1S550 .ooovennennne 10.27 0.05 7.72 6.12 + 1.27
He m 11640.............. 6.61 0.29 5.03 4.77 + 1.01
[Ne1v] 22423........... 2.26 0.00 1.70 2.79 + 1.00
Mg 42800 ............. 0.00 2.18 0.55 0.87 +0.29
[Ne v] 43426 ........... 3.74 0.00 2.81 249 +1.27
[O ] 43727 ............ 0.02 0.56 0.16

[Ne m] 43869........... 1.02 2.31 1.34 1.78 £ 0.33
He m 14686.............. 0.94 0.04 0.72 0.66 + 0.11
[O m] A5007............ 17.67 10.85 15.97 1494 +1.20
[Fe vi] 26087 .......... 0.55 0.00 0.41

[O1] 246300 ............. 0.00 1.24 0.31 0.21 +£0.03

2U=10""8, ny =19 x 10* cm™3, Ny =4.7 x 10*° cm™?; Flux,, = 0.80 ergs
cm~2s~ !, dust fraction = 25%, emitting area = 5.28 x 1037 cm?, Depth > 0.78 pc.

U =107%° ny =19 x 10° cm ™3, Ny =44 x 10*° cm™?; Fluxy, = 2.43 ergs
cm~2s71, dust fraction = 25%, emitting area = 5.79 x 103¢ cm?2, Depth > 0.085 pc.

¢ 75% tenuous, 25% dense.
4 Dereddened; E;_,, = 0.39 + 0.04.



776 KRAEMER & CRENSHAW Vol. 544

TABLE 13

LiNE RaTiOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR + 174 SW, REDSHIFTED (D = 85 pc)

Line Tenuous® Dense® Composite® Observed?

Lya 21216 + O v]...... 13.71 29.96 17.77 10.52 + 1.76
Nvai1240............... 0.64 0.00 0.48 299 + 049
Civ Al550 .............. 9.00 0.05 6.76 4.44 + 0.56
Hem A1640.............. 6.73 0.32 5.13 5.36 + 0.66
[Ne1v] 12423........... 2.27 0.01 1.71 296 + 047
Mg 42800 ............. 0.00 1.79 045

[Ne v] 43426 ........... 3.50 0.00 2.63 296 + 0.34
[O m] A3727 ............ 0.03 0.98 0.27

[Ne m] 43869........... 0.88 2.03 1.17 1.28 +0.12
He m 14686.............. 0.96 0.05 0.73 0.74 + 0.07
[O m] A5007............ 15.92 11.87 1491 14.58 + 1.18
[Fe vir] 46087 .......... 0.53 0.00 0.40 0.13 + 0.04
[O 1] 46300 ............. 0.00 0.41 0.10 0.08 + 0.01

*U=10""7, ny =81 x 10* cm~3, Ny = 4.5 x 10%° cm™?; Flux,,; = 0.33 ergs
cm~ 25~ 1, dust fraction = 25%, emitting area = 3.44 x 1038 cm?, Depth > 5.07 pc

PU =107 ny =81 x 10* ecm™3, Ny = 1.5 x 10%° cm™2; Fluxy, = 1.05 ergs
cm~ 2571, dust fraction = 25%, emitting area = 3.62 x 1037 cm?, Depth > 0.53 pc.

¢ 75% tenuous, 25% dense.
4 Dereddened; Ez_,, = 0.32 + 0.02.

the observed quite well, as shown in Table 12. We assumed
ny = 1.9 x 10° cm 3 for the denser component, which is
high enough to nearly collisionally extinguish the [O 1]
A3727 line, which would explain its apparent weakness.
Assuming n,; oc D2, we also obtained a satisfactory fit for
the bin centered at +174, as shown in Table 13. Inter-
estingly, this is the point where the velocity begins to
decrease (CK2000), although we see no effect in the
emission-line ratios, unlike those in the NE-blue quadrant.
The spectrum of the + 0?8 bin is somewhat different, in
that both the He 1 14686/Hf and [Ne v] 13426/Hp ratios
are larger, which indicates a higher average ionization state
in the gas. To model this effect, we have assumed a lower
density for this component than for that at +170. The
results are given in Table 14 and are a reasonable fit, except
for the UV resonance lines, although there are large uncer-
tainties for the dereddened UV line fluxes. It is possible that

the resonance lines are enhanced by continuum pumping,
but as noted above one would not expect this process to be
significant for lines that are extremely optically thick, and in
any case this would not account for all the observed N v
41240 emission. Furthermore, the FWHM of [O m] 15007
is ~550 km s~ for this bin (CK2000), which constrains the
turbulent velocity. Thus, although this region is apparently
directly photoionized by the AGN, we cannot rule out other
physical processes.

6. DISCUSSION

6.1. Physical Conditions in the Inner NLR of NGC 1068

Based on our previous analysis and these model results,
we can describe the conditions of the inner NLR of NGC
1068. The physical conditions in this region are dominated
by the effects of the hidden AGN, since the emission-line

TABLE 14

LiNE RaTiOS (RELATIVE TO Hf) FROM MODEL COMPONENTS, COMPOSITE, AND
OBSERVATIONS FOR + 078 SW, REDSHIFTED (D = 40 pc)

Line Tenuous®  Dense®  Composite® Observed?
Lya 41216 + O v]...... 12.63 28.35 14.99 38.25 + 20.06
NvA1240............... 1.10 0.00 0.94 21.52 + 10.79
Crv A1550 ..c.eennenn.e. 9.45 0.10 8.05 10.76 + 3.67
He m 11640.............. 6.21 0.17 5.30 7.40 + 2.42
[Nerv] 22423........... 3.04 0.00 1.73
Mg 1 42800 ............. 0.00 2.19 0.33 1.12 + 0.52
[Ne v] 43426 ........... 4.62 0.00 3.93 357+ 141
[O n] 43727 ............ 0.02 0.42 0.08
[Ne m] 43869........... 1.12 241 131 2.10 + 0.54
He 1 14686.............. 0.89 0.02 0.76 1.03 + 0.31
[O m] A5007............ 19.10 12.07 18.05 1895 + 1.46
[Fe vi] 46087 .......... 0.47 0.00 0.40 024 +0.12
[O1] 26300 ............. 0.00 1.57 0.24

2U=10""5, ny =23 x 10* cm™3, Ny =85 x 10> cm™?; Fluxy, = 1.64 ergs
cm~2s™ 1, dust fraction = 25%, emitting area = 1.48 x 1037 cm?, Depth > 0.22 pc.

U =10"%°% ny =23 x 10° em™3, Ny = 6.4 x 10> cm™?; Fluxy, = 3.53 ergs
cm~ 2571, dust fraction = 25%, emitting area = 1.21 x 103° cm?, Depth > 0.018 pc.

¢ 85% tenuous, 15% dense.
4 Dereddened; E;_,, = 0.36 + 0.04.
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knots are photoionized by the central source and the gas is
radially accelerated, presumably due to radiation pressure
or a wind emanating from the nucleus (CK2000). The small
dust fractions in these clouds (generally ~25%) may indi-
cate that they originate close to the nucleus (the dust subli-
mation radius is a few tenths of a parsec for a source of the
luminosity of NGC 1068; Barvainis 1987). The number
density, ny, of the clouds is generally decreasing as D~ 2; as
such, a given cloud should decrease in density by a factor of
~100 in the time it takes to cross the emission-line region
(e.g., from 10 to 100 pc). However, given the thermal veloc-
ity within the ionized gas (~10° cm s~ '), assuming spher-
ical clouds with a radius ~ 10 cm (roughly the average of
Ny/ny), the density should decrease by a factor of 100 in
~1000 yr, about 1/100 the crossing time. Furthermore, the
high- and low-density components are not in pressure equi-
librium with each other (ny T is typically 5 times higher for
the denser component). Hence, there is likely some confine-
ment, perhaps via an intercloud medium. However, the
intercloud medium in the inner ~100 pc must be quite
tenuous, since there is no evidence for cloud deceleration
and the ionizing radiation is unattenuated except near the
plane of the host galaxy. At ~150 pc, the cloud velocities
begin to decrease. The deceleration in the NE-blue quad-
rant is accompanied by enhanced high-ionization line emis-
sion from the clouds, which we suggest is the result of
UV—X-ray radiation from shocks. This supports our
hypothesis that the deceleration is caused by the interaction
of the outflowing gas and the ambient medium, which is
apparently denser here than closer to the hidden AGN.

Regarding the cloud/medium interaction, medium-
resolution long-slit STIS observations provide strong evi-
dence for the disruption of the emission-line gas, which is
also attributed to shocks (Cecil et al. 2000, in preparation).
Although the position and extent of the shock front is not
constrained in our simple models, it is most likely that the
shocks occur at the leading edges (the side opposite the
ionized face) of the outflowing emission-line clouds. In any
case, there is no need for additional ionizing radiation
arising from the interaction of the radio jet and the inter-
stellar medium, at least along P.A. 202°. It may still be that
the jet/cloud interaction is important locally; previously, we
found evidence for cosmic-ray heating in emission-line gas
which is in the direction of the radio axis (Kraemer et al.
1998). Unfortunately, these data provide no definitive evi-
dence as to the nature of the decelerating medium (although
there is some evidence from the extended continuum; see
below).

We have found evidence that the ionizing continuum is
heavily absorbed in the direction of the NE-red quadrant,
similar to the situation in NGC 4151 (Alexander et al. 1999;
Kraemer et al. 2000). In the case of NGC 4151 and several
other Seyfert galaxies, Kraemer et al. (1999) argued that
there may be absorbers between the NLR and the central
source similar to the X-ray (Reynolds 1997; George et al.
1998) and UV (Crenshaw et al. 1999) absorbers often
detected along the line of sight to their nuclei. However, our
observations of NGC 1068 provide new insights as to the
nature of the intervening absorber. First, although the
overall NLR appears to indicate the presence of an
absorber (Alexander at al. 2000), we find that the covering
factor of the absorber is probably less than 0.5, since much
of the inner NLR is irradiated by an unabsorbed contin-
uum. Second, the scatterer, which has a covering factor
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close to unity, is too highly ionized to modify the SED
significantly (Miller et al. 1991; Paper II). Finally, it is sig-
nificant that the NE-red and SW-blue quadrants, which
show evidence of a weaker flux of ionizing radiation, lie
close to the plane of the host galaxy (CK2000). It is not too
surprising to find that there is more intervening material in
the galactic plane. Hence, the absorption may be partially
due to the alignment of the emission-line bicone and the
host galaxy.

6.2. The Extended Continuum

In Paper I, we discussed the nature of the extended con-
tinuum emission in the inner NLR of NGC 1068, which we
were able to deconvolve into two components: (1) electron-
scattered light from the hidden AGN and (2) an old stellar
population. In addition to the region nearest the hot spot,
there were local peaks of nonstellar continuum roughly 175
northeast and southwest of the hot spot. One of the slit
positions in Axon et al’s (1998) FOC {/48 observations,
“POS3,” intersects our long-slit placement at approximately
1”8 northeast of the optical hot spot, where they reported
the presence of excess continuum radiation, which they sug-
gested was the result of shocks. However, we determined
that the excess UV continuum had the same features as the
continuum from the hot spot, such as broad Fe 1 emission
and Balmer continuum (the “little blue bump ”), and thus
was principally scattered light. On the other hand, we have
found evidence for contribution of shock-induced ionizing
radiation in this region. Are these results consistent?

For electron scattering by an optically thin plasma, the
fraction of light from the nucleus that is scattered by a given
region is the product of the electron column density of the
scattering medium, the Thomson cross section, and the
covering factor (see discussion in Pier et al. 1994; Paper II).
As shown in Paper I, at 2500 A, the continuum at —175
northeast is ~1/12 the strength of that at the hot spot and,
therefore, 1 x 107 that of the hidden continuum. The
maximum covering factor for the region subtended by the
slit is ~0.015, assuming a bicone opening angle of ~80°
(CK2000). If we impose the constraint that this gas contrib-
utes a small (<15%) fraction of the observed Hf flux, and
the gas is in photoionization equilibrium, the electron
column density is < few times 102! cm ™2, which would
account for ~% of the continuum emission. Fast shock
models predict some contribution to the UV continuum
longward of 1200 A (Morse et al. 1996). Given the con-
straints on the total X-ray emission from the shock front
discussed in § 5.2, the shock could contribute ~3 of the
observed continuum at 2500 A, although this would require
that a significant fraction of the soft X-ray emission arises
within a single bin along our slit position, which may be
unlikely. Hence, it is most probable that the continuum
emission at —1”5 is reflected, particularly given the pres-
ence of the little blue bump. Although this requires a greater
electron column density, hence, denser gas, it may be that
the scatterer is in a somewhat higher state of ionization
than would be predicted by simple photoionization models
and, thus, contributes less Hf flux.

It has been suggested that the scatterer is an X-ray
absorber viewed across our line of sight (Krolik & Kriss
1995), and certainly the scattering medium near the hot spot
resembles such an absorber (Paper II). However, the knots
of scattered emission farther out (Paper I) indicate the pres-
ence of a substantial column of very highly ionized
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(U ~ 1.0), high—covering factor gas at distances greater than
100 pc in NGC 1068 which suggests that X-ray absorbers
extend deep into the NLR of Seyfert galaxies and certainly
lends credence to the arguments for multizoned absorbers
(Otani et al. 1996; Guainazzi et al. 1996; Reynolds et al.
1997).

Finally, there are reasons to believe the scatterer is
responsible for the cloud deceleration.® First, the local peak
in the scattered continuum is coincident with the velocity
turnover (see Paper I; CK2000). The scattered continuum is
evidence for the presence of gas to which the clouds can
transfer kinetic energy. Finally, the scatterer is tenuous and
spatially extended, which may account for the gradual
deceleration of the clouds (CK2000). However, if the scat-
terer is indeed the decelerating medium, it must have a
lower radial velocity than the emission-line clouds. Also,
one must explain the local buildup of such a highly ionized
plasma.

6 In order for it to be as highly ionized as the scatterer, the precursor
density must be on the order of a factor of 10 lower than we assumed,
although its density was chosen primarily for illustrative purposes.
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7. SUMMARY

We have analyzed STIS UV and optical spectra of the
NLR of NGC 1068. We have generated photoionization
models of the NLR gas and have been able to match most
of the observed dereddened emission-line ratios. In Figure
5, we present a simplified schematic diagram of the NLR. As
discussed in CK2000, the emission-line gas is distributed in
a bicone, centered on the hidden active nucleus. The bicone
has an opening angle of ~80° and is tilted ~ 5° with respect
to the plane of the sky. The plane of the host galaxy is
inclined ~40°, with a major axis P.A. ~ 106°. We have con-
cluded the following regarding physical conditions in the
inner ~ 200 pc of the NLR, along P.A. 202°.

1. The emission lines, both northeast and southwest of
the hot spot, show evidence of two distinct kinematic com-
ponents, one blueshifted with respect to the systemic veloc-
ity and the other redshifted, which are outflowing from the
nucleus. The gas in each of these four quadrants is pho-
toionized, for the most part, by continuum radiation
emitted by the hidden AGN. The emission-line knots
consist of two components of matter-bounded gas, of differ-
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FI1G. 5—Schematic diagram of the inner NLR of NGC 1068. The vertical dashed line represents the plane of the sky, the crossed dashed lines demarcate
the ionization cones, and the solid line shows the disk of the galaxy (see CK2000). The positions of the blueshifted and redshifted quadrants are noted, as well
as the general locations of the gas responsible for the continuum absorption and the ambient gas which may slow the emission-line clouds (see text).
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ent densities; the denser gas may be screened in the more
tenuous component. The densities decrease with radius but
more slowly than expected from thermal expansion, so it is
likely that there is some source of cloud confinement. There
is evidence for dust mixed in with the emission-line gas, but
the strengths of the UV resonance lines and the presence of
emission lines of magnesium and iron indicate that the dust/
gas ratio is substantially less than in the interstellar medium
of our Galaxy. We find no strong evidence for nonsolar
element abundances.

2. The emission-line gas in the NE-blue quadrant appears
to decelerate at ~ 130 pc from the nucleus. At the same
position, we find evidence for an additional source of ion-
ization, which may be the UV—-X-ray radiation generated by
fast (~ 1000 km s~ 1) shocks. Although we cannot rule out
such an effect in the SW-red quadrant, the emission-line
fluxes at the point of deceleration can be explained by
photoionization of the gas by the AGN.

RESOLVED SPECTROSCOPY IN NGC 1068. III 779

3. The ionizing radiation emitted toward the NE-red
quadrant is absorbed by a layer of gas close to the nucleus.
This absorption may be associated with the intersection of
the emission-line bicone and the plane of the host galaxy
which may be an important clue as to the origin of high
column absorbers. Interestingly, the radial velocities in this
quadrant are similar to those which have an unabsorbed
line of sight to the nucleus, which indicates that the source
of the acceleration is not affected by the absorber.
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NASA grant NAG 5-4103.
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