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Abstract. Deep CCD spectra of the planetary nebula NGC
7027, taken over the range 654—1046 nm at a spectral resolution
of order 0.1 nm, are presented. About 465 different lines are de-
tected and intensities are provided for 405 features. A total of
680 emission lines is considered.

In the best conditions, namely shortward of 900 nm and out-
side the telluric absorption bands, emission lines can be de-
tected and measured down to a de-reddened intensity of (1.5
2.5)x 107 relative to HB. The rate of line detection and identifi-
cation achieved is a one-order-of-magnitude improvement over
previous far-red spectroscopic surveys of nebulae, now super-
seding available optical surveys. Many of these lines have not
been seen before. Altogether, the permitted and forbidden lines
encompass 47 ions from 22 elements in this spectral range.

Forbidden lines are produced by 31 ions from 18 ele-
ments. Iron-peak elements, notably chromium, manganese,
iron, nickel, copper, and possibly vanadium, as well as heavy
elements, notably krypton, xenon, selenium, bromine and stron-
tium are detected.

Identification of many permitted lines from high- and low-
ionization stages of carbon, nitrogen, and oxygen is reported.
Extrapolation of known energy levels is required in some cases.
C11, C111, and C1v series discovered in the far red can be fol-
lowed up to large principal quantum numbers, providing a clue
to explain optical lines, left unidentified for tens of years. Avail-
able compilations of high-n! atomic energy levels may not be
sufficiently comprehensive to fully exploit the nebular spectro-
scopic data now accessible to common astrophysical devices.

The quadrupolar line [S 111]882.98 nm is identified. The nat-
ural broadening of the upper autoionizing level of C 11 879.4 is
disclosed by the peculiar profile of the line. The importance
of dielectronic recombination of CII through quartet terms is
confirmed by the presence of the strong multiplet C11(14).

The intensity and decrement of the Paschen lines suggest
a markedly uneven distribution of dust absorption across the
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* Based on observations made at Observatoire de Haute—Provence
Table 2 is also available in electronic form at CDS via anonymous ftp
130.79.128.5

nebula. A diffuse interstellar band and K1 lines are detected in
absorption.

About 13% of all lines are not identified, a majority of them
being weak and affected by large errors. Only 4 of them exceed
a de-reddened intensity of 3x10~* I5. Some 15 lines are left
unidentified, which either exceed a de-reddened intensity of
10~* I3 or are measured with an uncertainty smaller than 20%.
Half these unidentified lines are affected by telluric absorption
and only 6 fulfill both criteria.

Key words: atomic data — lines: identification — planetary neb-
ulae: NGC 7027 — infrared: ISM: lines

1. Introduction

Kaler et al. (1976) provided a detailed analysis of the spectrum
of the planetary nebula NGC 7027 and compiled early far-red
measurements, notably by O’Dell (1963) and Schwartz & Pe-
imbert (1973). That reference paper encompassed the spectral
range 313-867 nm, combining photographic and spectrophoto-
metric techniques and making use of the thorough line iden-
tification performed by Aller et al. (1955, 1963), through the
impetus of Bowen. Updates were published by Aller & Keyes
(1988) in the spectral range 367—-650 nm, using an echelle spec-
trograph with a CCD detector, and then by Keyes et al. (1990)
in the ranges 123.8-320.0 nm (IUE data) and 367.0-875.0 nm.

The first exploration of the far-red region was undertaken
Jjust half a century ago by Aller & Minkowski (1946). They used
hypersensitized plates and reported about 30 lines longward of
Ha. Next to O’Dell and Schwartz & Peimbert, quantitative re-
sults were published by Treffers et al. (1976), Scrimger et al.
(1978), Condal et al. (1981), and Rudy et al. (1992). These
studies however were lacking either sensitivity, spectral reso-
lution, or spectral coverage by optical standards. Keyes et al.
(1990) improved on the fluxes of Kaler et al. (1976) shortward
of 875.0 nm but mentioned relatively few new spectral features.
Thus no systematic line identification of the kind available in
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the optical since 1963 has yet been otained in the far-red for
this reference nebula although the CCDs, in current use now,
provide good conditions for observing the whole spectrum up
to near 1100 nm with high sensitivity, high calibration quality,
high dynamical range, and reasonable spectral resolution.

A first discussion of the 681-1045 nm spectrum of NGC
7027, with emphasis on the hydrogen and helium recombination
lines, was presented by Péquignot & Baluteau (1988, Paper I).
Here we consider again the data used in Paper I and new obser-
vational material in a slightly broader wavelength interval with
a view to identify the many other lines detected in the far-red. A
rewarding aspect of the present work is the discovery of optical
and far-red lines from heavy elements (Péquignot & Baluteau
1994, Paper II) and several iron-peak elements.

The observations and data reduction are presented in Sect. 2.
Several pieces of the spectrum under study are displayed in Figs.
1-2 of Paper I and Figs. 9-16 of Paper II. Section 3 provides the
line intensities and identifications. Figure captions of Paper I
are based on these identifications. The results are commented on
and compared with previous works in Sect. 4. Some quantitative
aspects of the present data, not delt with in PaperI and II, will
be discussed in Paper IV (Péquignot et al., in preparation).

2. Observations and data reduction
2.1. Spectrophotometric data

Observations of NGC 7027 were carried out from 1986 to 1988,
using the CARELEC spectrograph (Lemaitre et al. 1990) at-
tached to the Cassegrain focus of the 1.93 m telescope at the
Observatoire de Haute-Provence (France). Two RCA CCDs
(320 x 512 array of 30um individual pixels) and one Thom-
son CCD (383 x 576 array of 25um individual pixels) were
used as detectors to cover quite homogeneously and uniformly
all the visible and far-red spectrum with a read-out noise of
about 120, 65 and 12 electrons for RCA#1, RCA#3, and Thom-
son respectively. As a result of a compromise between a large
spectral domain and ghe ability to separate as much as possi-
ble all spectral features of the nebula, a grating dispersion of
3.3 nm/mm has been selected. The spectra were aligned along
the columns of the detector array.

With a scale of 1.20 arcsec per pixel, a slit width of 3 arcsec
was chosen, somewhat larger than normal seeing conditions. In
all observations of NGC 7027 reported here, the 5 arcmn spec-
trograph slit was oriented in a North-South direction, passing
through the brightest optical condensation. An implication of
this spatial configuration is discussed in Sect. 4.4.2.

Table 1 summarizes the observing runs. Spectra secured
shorward of Ho will be presented in Paper V (Baluteau et al.,
in preparation; see also PaperII, notably Figs. 1-8). At long
wavelengths the quantum efficiency of the CCD drops rapidly
and only data shortward of 1046 nm are discussed here.

J.-P. Baluteau et al.: The 654—-1046 nm line spectrum of NGC 7027

Table 1. Log of observations

Code  AMnm) Exp. time (min) Date Atm.* Stars®
N29B 632-681 0.13,0.5,2,8,30,120 87/09/18 A 1
N22 662-711 3,120 87/06/26 B 2
N13A 681-731 20,90 86/11/24 A 1
N28B 710-759 0.5,2,8,30,120 87/09/17 B 1
NO6B 730-780 5,15,45 86/06/04 C 2
N12A 747-796 120 86/11/23 C 1
N28A 774822 20,120 87/09/17 A 1,2
N11A 794-843 120 86/11/22 C 1
N23B 802-850 60 87/06/27 B 2
N24B 802-850 120 87/06/28 A 2
NO3 840-889 60 86/06/01 A 2
N26B 858-906 120 87/09/15 A 1
NI14A 884-932 90 86/11/25 A 1
N27B 905-950 0.5,2,8,30,120 87/09/16 A 1
N14B 930-977 80 86/11/25 A 1
NO1 966-1012 60 86/05/31 C 2
N15A 1001-1046 120 86/11/26 C 3
N36 633-977 1,2,4,8,16,32 88/08/13 A 1,2

* Atmospheric conditions: A = good, B = mean, C = poor.
® Standard stars: 1 = HD19445, 2 = BD+26.2606, 3 = « Lyr.

2.2. Data reduction
2.2.1. Flat-fielding procedure

An internal continuum source is used to correct for wide and
short range, pixel to pixel, variations in quantum efficiency due
to local changes or fringing effects. The efficiency of the pro-
cedure to provide a normalized spectrum has been checked for
each spectral range by comparing spectra of a standard star
measured on different locations (columns) over the CCD. R.m.s.
noise values typically less than 1% are obtained for wavelengths
shorter than about 900 nm. At longer wavelengths, because of
increased fringe contrast (Thomson CCD excepted), higher sys-
tematic errors are measured (up to 20% around 1050 nm).

2.2.2. Spike removal

The CCD columns effectively used to observe the objects are
chosen so as to be virtually free from “hot” pixels. Because of
the long exposure time required for the observations (up to two
hours) the number of spikes in the CCD picture is quite signifi-
cant. An automated procedure is used to clean the raw picture.
The procedure is based on the fact that the line spatial profile,
along the spectrometer slit, is quite similar to the continuum
profile. An averaged spatial profile is calculated, over neigh-
bouring CCD rows, and subsequently subtracted, after normal-
ization, from the running individual row. The pixel which yields
the highest deviation, if greater than the nominal noise figure,
is corrected using the averaged value. Normally two iterations
of the cleaning procedure are sufficient to provide the correct
final CCD picture.
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Table 2. Lines in the spectrum of NGC 7027. Comments: (a) in the wing of a nearby strong line, (b)
difficult continuum level estimate, (c) blend with nearby lines, (d) broad feature.

TOP5AEA. © Z303. T175B,

Identification Atheo Aobs n  10°F/Ig  Error(%) Comments
S [Nu](1F) 654.81 65480 3 8310.0 3

He 11(6) 656.02 656.01 1 2460.0 8

Ho 656.28 65629 4 73700.0 3
C1(2) 657.80 65778 1 60.0 50 (a)
{C1(2) 658.28}

{INu]J(1F) 658.34} 65832 4 24700.0 3
{Ov(7.01) 660.13}

{[Fe vi1](1F) 660.14}  660.10 1 1.7 45  (a)
X 661.06 1 1.4 60 (a)
X abs 661.31 1 - —  in absorption
X 661.75 1 1.6 50  (a)
011(4) 662.74 662.70 2 0.6 60 (¢
[Cs VI(IF) 663.06 663.00 2 0.7 50 (c¢)
O1(4) 664.11 664.13 2 0.5 75

X 66551 2 22 30 @)
{011(4) 666.67}

{INi 11](2F) 666.68}  666.62 2 0.9 40 (¢)
X 666.85 2 1.2 30 (c) Cii(5g-13h)
X 667.20 2 1.8 40 (a),(d)
He 1(46) 667.82 667.82 8 766.0

He 11(5-13) 668.32 668.36 7 105.0 3
{[T1)(1F) 670.87}

{Mn 11](2F) 670.91}

{[CrVI(2F) 670.97} 67095 3 2.5 25  (a)
[S1](1F) 671.65 671.63 8 503.0 3
O11(4) 672.14 672.17 3 1.8 50 (b)
{C13) 672.74}

{[SHu](1F) 673.08} 673.07 8 1160.0 2
{Cu1(3) 673.10}

{[Cr1Iv](2F) 673.40}

{[FevI(*G-2I)  673.44} 67350 2 2.0 50 (a)
{[Sru](1F) 673.84}

{[Fevl(*G-2I)  673.98} 67395 3 4.2 6
{C113) 674.22}

{He1\1/21 674.41}

{C1u1(3) 67444} 67444 3 6.0 5 (0
{C1v(9-16) 674.69} 67469 3 44 6 (¢
{Nv(9-12) 674.70}

{[Cr1v](2F) 674.76}

{He1\1/20 675.58} 67557 3 1.1 40
{[Fe1v](*P-’D)  675.60}

{[Fevl(*P-’D)  676.14} 676.17 3 2.1 15 (@)
{Cui(3) 676.22}
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Table 2. (continued)
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Identification Atheo Aobs n  10°F/I g  Error (%) Comments
[Mn11](2F) 676.35 67633 2 0.5 80 (¢)
{[Xe1v]l(2F) 676.89} '

{He1\1/19 676.95} 67698 2 0.6 70

{C1v(10-25) 677.87}

{C1(14) 67799} 67800 5 11.8 3

{Cu(14) 678.06}

Cr1i(14) 678.39 67842 3 2.1 15 (¢
{He1\1/18 678.57}

{Cu(14) 67872} 67870 3 37 7 (¢
{C11(14) 679.15} 679.14 3 49 10 (¢)
{[Fev](*P-?D)  679.25}

[K1v](1F) 679.50 679.50 3 29.2 3

{C11(14) 679.80} 679.80 2 0.7 60 (¢)
{[Kr1v](2F) 679.85}

Cri(14) 680.07 680.07 3 2.8 15

He1\1/17 680.48 680.48 2 0.6 70  (b)

C1i(14) 681.23 681.15 1 0.5 80 (b)
{Si11(7.20) 681.85}

{[Fe v](*P-!S) 681.92} 682.06 1 1.5 50 (@)

{X } C1(5f-12g)
{[Kr111](1F) 682.69} 682.66 2 15.9 5

{He1\1/16 682.79}

{C1(21) 682.81}

Si11(7.20) 682.98 68299 2 2.1 20  (a)

X 68326 2 1.2 40 (d)

011(45) 684.68 68470 1 0.6 80

{Mn 11](2F) 685.04}

{IMn VI)(1F) 685.21} 68496 3 9.2 4

{He1\1/15 685.59} 68560 2 1.5 30

{Cu1(19) 685.73}

{[Sr11)(1F) 686.82}

{X 1} 68694 1 1.5 50  atm.40%
C1(19) 687.17 687.20 1 1.2 60  atm.34%
{[Fe 11](43F) 687.38} 687.41 2 2.9 40 (b), (@)
{C1v(7p-9d) 687.46} C11(5g-12h)
{C1v(7p-9d) 687.58} atm.28%

X 688.09 2 1.2 50 Ci(5d-11f), atm.28%
{He1\1/14 689.05}

{He11(5-12) 689.09} 689.06 4 177.0 4  atm.18%
011(45) 689.51 689.52 2 4.7 15  (a)atm.10%
{[Fe 11](14F) 689.62}

{[Cr1v]1(2F) 689.65} 689.70 1 23 25  (a)atm.22%
X 690.11 2 1.8 30  atm.16%
011(45) 690.64 690.61 2 3.6 14  atm.13%
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Table 2. (continued)
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Identification Atheo Aobs n  10*F/Iz  Error (%) Comments

{o1@s) 690.79}

{O11(45) 691.06}  691.02 2 2.5 15 atm.12%

[Criv](2F) 691.48 691.42 2 1.8 35  atm.9%

He1\1/13 693.39 693.36 2 2.1 20  atm.12%

[Cu1v](F-1D) 694.90 694.89 2 2.5 20 Cui(7g-13h)?, atm.10%

{Nm(GpD-4d'2F°)  695.73}

{X 1 695.87 2 4.0 10  (d)atm.10%

{[Co ](“F-*P) 696.14}

{X 1 697.60 2 1.8 30  Cui(7h-13i)?

{[Mn11](2F) 697.85}

X 698.24 2 0.9 50  Cui(7i-13k)?

He1\1/12 698.94 698.94 2 4.0 30 (d) Cun(7f-13g)?, atm.7%
X

%[Fe Iv](*P-2D) 699.71}  699.74 2 3.1 10 (d) atm.6%

{[Xe VI(IF) 699.85}

0121) 70021 70020 2 12.0 50 (a

[ArV](1F) 700.57 700.57 4 1100.0 4  atm.8%

X 70110 2 23 50 (a), (d)

C1v(10-23) 702.14 702.19 2 1.2 50

X 702.90 1 1.4 50 (c¢)atm.7%

01v(12.01) 703.23 703.22 2 4.0 8 O1v(7g-%h)?

{[Fe 1v](*P-?D) 703.63}

{C11(6.01) 703.72}  703.72 2 1.6 25 (d)

{Nv(11-18) 703.78}

X 704.70 2 1.6 30 Ni1v(7h-91)?

{[Cr1v](2F) 705.17} O1v(7h-91)?

{O1v(12.01) 70536}  705.38 2 49 40  (b), (d)

{He1\ /11 706.22} N1v(7i-9k)?

{C1v(7-9) 706.24} 01v(7i-9k)?

{He1(10) 706.53}  706.54 4 2100.0 3

{C1(26.01) 707.49}

{C126.01) 707.65}  707.66 2 12 40 (b

C1(26.01) 708.78 708.89 2 1.0 50 (b)

[Pb 11](2P-2P) 70098 71002 2 1.4 40 ()

X 710.32 2 14 40 (c) Crii(5f-11g)

{[Cr1v](2F) 711.09}

{C126) 711.15}

{C11(20) 711.25}

{C11(20) 71130}  711.27 2 4.7 50 (b),(d)

{C1(26) 711.32}

{Si11(7.19) 711.34}

{C1(25.02) 71152}

{C1(26) 711.52}  711.58 2 3.7 50 (b)

{C11(20) 711.56}
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Table 2. (continued)

AGA 2 73037 JT75B.

Identification Atheo Aobs n 10°F/Ig  Error (%) Comments
g {C1(25.02) 711.70}
o {C1(25.02) 711.97}
{C11(20) 711.99}  712.00 1 4.1 40 (d)
{C11(20) 712.57}
{Si11(7.19) 712.58}  712.61 1 4.1 25  (a)
[Ar1](1F) 713.58 713.55 5 7430.0 3
[Co 11](*F-*P) 71526 71517 3 20 60  (b)
[Fe 11](14F) 715.52 71550 4 29.6 9 (b
He1\1/10 716.05 716.06 3 9.1 25  (b)Cr1i(5g-11h)
{[Ar1V](2F) 717.05} 717.06 4 185.0 3 atm.17%
{[Fe 11](14F) 717.20}
He11(5-11) 717.75 71776 4 230.0 8 atm.28%
[Fe 1v](*D-*F) 718.40 718.48 1 2.1 60 atm.19%
[Fe 1v](*D-*F) 719.16%  719.06 2 3.7 50 atm.21%, (* 3 lines)
C1v(9-15) 720.66 720.66 3 4.2 35 atm.18%
{C1u1(39) 721.05}
{Cu1(39) 72123}y 72122 3 35 50 (d)atm.3%
{C1v(8s-11p) 721.35}
{[Cs 111](?P-2P) 72197}  722.11 2 4.1 40 (d) atm.7%
{[Fe v](*D-*F) 722.28}
cu@3) 723.11 723.12 4 394 6 atm.10%
{cu®) 723.62}
{[Ar1V](2F) 723775}y 72372 4 229.0 4  atm.14%
{OI1(20) 72544} 72544 4 11.7 25  atm.24%
{[Ni 11](2F) 725.58}
[Ar1V](2F) 72627 72628 4 153.0 6 atm.13%
X ' 726.68 2 4.7 50 (a) C11(5d-10f), atm.18%
He 1(5) 728.13 728.12 3 283.0 4  atm.14%
[Ca1](1F) 729.15 729.10 1 1.5 50 atm.11%
He1\1/9 729.79 729.80 2 8.3 20  atm.3%
{0111(24.03) 730.70}  730.67 2 4.8 25 (a)atm.3%
{INi11](2F) 730.77}
{[0O11](2F) 731.99}
{[0O11](2F) 732.00}  732.01 4 6520.0 2 atm.6%
{[01I2F) 732.96}
{[01](2F) 733.02}  733.01 4 5160.0 4  atm.3%
{[Ar1vI(2F) 733.15}
X . 73452 2 2.2 30 atm.5%
X 73542 2 2.0 30  atm.5%
{C1v(10-21) 736.39}
{0 111(24.03) 736.52} 73653 2 1.3 30 (d) atm.5%
{[Briv] 736.80}
{Cu@p2D-3d'2P°)  737.00} 73701 2 23 20 atm.6%
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Table 2. (continued)

J.-P. Baluteau et al.: The 654-1046 nm line spectrum of NGC 7027

Identification Atheo Aobs n  10°F/Iz  Error (%) Comments
{INi 11](2F) 73778} 13777 3 124 3 am3%
{{ZrviGP-3*Py)  737.87}

{C1v(6p-7d) 738.03} 73810 2 0.9 50  atm4%
{C1v(6p-7d) 738.24}

[Br111](2F) 738.51 738.43 2 1.0 50 atm.5%
[Fe11](14F) 738.82 73880 3 54 5

[Criv](1F) 739.13 739.17 2 1.2 50

{INi 11](2F) 741.16}  741.28 2 2.1 15 (@
{Ou1(24.03) 741.40}

X 74180 2 2.7 30 ()

N1(3) 742.36 74236 2 1.0 50

Nv(10-14) 744.02 74400 2 1.8 40  (¢), (@)

N1(3) 744.23 74429 2 1.9 35 (¢

[Fe 11](14F) 745.25 745.22 3 10.2 13

0111(24.03) 745.53 745.55 2 2.3 15

{C1(17.10) 746.18}

{Si111(8.03) 746.23}  746.25 2 1.9 30 (d)

Ni(3) 746.83 746.85 2 2.7 25

X 747.35 2 2.7 25 Cui7g-12h)?
C141) 748.65 748.70 3 34 20  atm.4%
He1\1/8 749.97 749.98 4 12.8 15 atm.3%
C11(17.13) 750.53 750.48 2 1.2 50 (c)

X 750.76 3 2.3 25  (c) C1ui(7h-121)?
X 751.05 2 2.0 30 (c) Cu(5f-10g)
0111(24.03) 751.60 751.52 3 3.0 30  (d) Cu(7i-12k)?
Ci11(17.13) 751.99 751.99 2 1.5 40

[Cl1V](1F) 753.00 753.04 5 205.0 3 Cuy7f-12g)?
[Xe1v](1F) 753.54 753,50 3 7.4

X 757.41 2 1.9 30 Cii(5g-10h)
C111(35) 757.82 757.83 2 6.2 15 (d)
{[CrVI(IF) 758.06}

{N v(6g!-7h!) 758.15}  758.18 2 5.7 10 (d)

{N1v(22) 758.24}

{IMgI1](1F) 758.47}  758.48 2 0.9 50

{Nv(11-17) 758.54}

{0v(29) 759.20}

{C1(35) 759.23}

{He11(5-10) 75927} 75933 2 385.0 12 am23%

{0 v(30) 761.09}  761.10 1 10.5 30 atm.67%
{Cu1(35) 761.26}

Nv(13) 761.85 761.83 1 7.6 12 atm.12%

[Fe 11](1F) 763.75 763.66 1 6.2 25 atm41%
K1(1) abs 766.49 766.42 2 - in absorption, atm.22%
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Table 2. (continued)

J.-P. Baluteau et al.: The 654-1046 nm line spectrum of NGC 7027

[OD5AGA. © 2303. J175B,

Identification Atheo Aobs n 10*F/1, g  Error (%) Comments
01v(20) 767.74 767.63 2 135 8 atm.12%

Ch {N111(24) 76868}  768.67 2 4.1 20
{[Fe11](1F) 768.69}
K1(1) abs 769.90 769.83 2 - in absorption
N1v(23) 770.30 77034 2 10.8 8
{C1v(6d-7f) 770.67}  770.69 2 2.6 30
{C1u1(10.01) 770.74}
O1v(21) 771.33 77129 2 31.0 6
{Si1v(19) 771.88}
{X }77195 2 39 20  Ne1v(6g-7h)??
X 77225 2 2.7 50  (a) N1v(8h-11i)?
{Si1v(22) 772.38}
{[S11(3F) 772.50} O1v(8h-111)?
{C1v(8.01) 772.62} 77264 2 119.0 5  Niv(8i-11k)?
X 773.15 2 1.2 60 (c) O1v(8i-11k)?
[Fe 11](1F) 773.32 77330 2 2.6 40  (c) N1v(8k-111)?
{C1v(8-11) 773.60} 77357 2 14.0 5  O1v(8k-111)?
{OVv1(8-9) 773.65}
[V1V](2F) 774.15 774.01 2 13 60
X 774.65 1 4.8 50 (a) Ne1v(6h-7i)??
[Ar111](1F) 775.11 775.12 4 2160.0 3
{01(1) 777.20}
{0K1) 77742} 77738 2 4.9 14 (@
{o1(1) 777.54}
X 780.90 2 0.9 50
He1\2/13 781.16 781.18 2 0.9 50
He1\1/7 781.60 78163 2 21.2 4
0 111(26.06) 782.07 782.12 2 0.6 70
0O 111(26.06) 783.25 78330 2 0.6 70
0 111(26.06) 783.93 78390 2 1.5 30
0111(26.03) 784.80 784.83 2 0.8 50
X 78549 2 0.9 40
[V1V](2F) 785.73 78573 2 1.4 40 (o)
C1v(9-14) 786.08 786.09 2 9.0 15 Ci(5d-9f)
{0111(26.03) 78737}
{[Pu](3F) 787.60} 787.61 3 46.4 3 atm.5%
{Mg11(8) 787.70}
He1\2/12 788.08 788.08 2 1.4 30 (a)
[CrVI(1IF) 788.44 78836 2 5.8 10 (¢
X 788.67 2 14 40 (o)
[NimCF-'D)  788.99 78898 2 3.1 20  atm.3%
He 1\4/37 789.29 789.25 2 0.6 80 (¢
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Table 2. (continued)

J.-P. Baluteau et al.: The 654—-1046 nm line spectrum of NGC 7027

Identification Atheo Aobs n  10°F/Is  Error (%) Comments
{He1\4/36 789.57}

{Mg1(8) 789.64}  789.63 2 4.2 18  atm.8%
He 1\4/35 789.87 789.90 2 0.7 60 (o)
He1\4/34 790.21 790.30 2 0.5 90 (o)
He1\4/33 790.58 790.60 2 0.6 80 (¢
{He1\4/32 790.98}

{X } 79130 2 3.0 20 (d)
{He1\4/31 791.41} C 11(6d3-8%)??
He 1\4/30 791.90 791.96 2 0.8 50 atm.4%
{He1\4/29 792.44}

{[Fe IvV](*D-2F) 79250} 79255 2 1.4 30 (d) atm.4%
{He1\4/28 793.03}  793.08 2 0.8 50

{[Te m1](1F) 793.33}

He1\4/27 793.70 793.71 2 1.3 40

He1\4/26 794.44 794.48 2 1.2 50 (o)
{01(35) 794.75}

{C1v(6d-7p) 79481}  794.83 2 2.9 25 (c) atm.3%
{01(35) 795.08}

{01(35) 79522} 795.13 2 2.7 20 (c), (d)
{He1\4/25 795.28}

{[Zr vi)(PP,-3Pg)  796.14}

{He1\4/24 796.23}  796.30 2 2.3 20  (c) atm.6%
{0111(26.03) 796.35}

{He1\2/11 797.15}  797.21 2 1.9 30 ()
{He1\4/23 797.30}

He1\4/22 798.53 798.57 2 1.6 35

X 799.25 2 14 40

{[As11])(2F) 799.78}

{He1\4/21 799.94}  799.95 2 2.8 25

{[Cr11]J(1F) 800.01}

{C131) 801.50}

{He1\4/20 801.58} 801.57 2 2.0 30 ()
{C1(31) 801.86}

{N111(26) 801.91} 801.90 2 2.5 20 (o)
{C1(44) 802.11}

{C131) 802.13}  802.15 2 12 40 (o)

{IY vVI(P-?P) 802.36}

{X } 802.55 4 2.6 50 ()
He1\4/19 803.48 803.50 4 2.3 20 atm.4%

X 804.02 2 1.9 45  (c), (@)
[ClIV](1F) 804.56 804.55 5 561.0 3 atm4%
{[Te)(1F) 804.96}

{0 111(50) 805.15} 805.10 4 2.0 30

He1\4/18 805.73 805.78 4 3.2 20 (o)

O 11(5fG-6gH) 806.01 806.00 4 1.3 30 (o)
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Table 2. (continued)

DSAEA. I Z303; T175B,

Identification Atheo Aobs n 10°F/Iz  Error (%) Comments

O 111(50) 806.25 806.24 4 1.8 25 (c) atm.3%
Ci (He1y(6-34) 846.37}

{P17 846.73} 846.73 3 255.0 3  atm.5%

{He11(6-33) 848.05}

{He1\3/11 848.06}

{[Cl1](3F) 848.09} 848.08 3 39.2 4

{He1\6/16 848.62} 848.62 3 9.1 17

{He 1\7/16 848.86}

{He 1\5/16 848.88}

X 849.50 3 3.7 25 atm.4%

{Ca11(2) 849.80}

{He 11(6-32) 849.89}

{[CluG3F) 850.00}

{P16 850.25} 850.27 3 328.0 3 atm.8%

{He 1\2/8 851.79}

{HeII(6—31) 851.93} 851.95 1 12.3 8

{He1\10/17 852.88}

{He1\6/15 852.80} 85290 1 12.5 8

{He1\7/15 853.14}

{He1\5/15 853.21}

{He1\9/17 853.34)

[T1u1](1F) 853.65 853.62 1 1.4 60

{He 11(6-30) 854.18}

{Can(2) 854.21}

{P15 854.54} 854.56 1 358.0 3

{[C1111](3F) 854.80}

{He1\10/16 856.46}

{He11(6-29) 856.60} 85673 1 15.2 7

{He1\9/16 857.01}

{[FeVICH-'G)  857.85}

{[ClL1](1F) 857.87} 857.90 1 209.0 3

{He1\6/14 858.17}

{He1\4/10 858.25}

{He1\7/14 858.43}

{He1\5/14 858.581

{He11(6-28) 859.48)

(P14 859.841  859.85 2 432.0 3

X 860.50 2 2.0 40 (a)C III(6f1-8g1)?

He1\10/15 860.82 860.84 2 2.2 30

{He1\9/15 861.49}

{IV 11]2F) 861.59}

{[Fe 1](13F) 861.69} 861.66 2 36.0 3

O 111(50) 807.02 807.00 4 1.9 30

O 111(5fG-6gH) 807.68 807.61 4 1.6 25

{He1\4/17 808.42) 80842 4 42 25

{011(50) 808.42}
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b
' Table 2. (continued)
é: Identification Atheo Aobs n  10°F/Iz  Error (%) Comments
Loy
& Her\2/10 809.40  809.40 4 15 50
S {sim37) 81028} 81032 4 1.6 40
{Si1(37) 810.35}
He1\4/16 811.63 811.63 4 2.5 25
{[Cru)(1F) 812.53}
{0 111(5fG-6gH) 812.75} 812.67 1 1.3 60 atm.20%
[Fe V]CH-'T) 813.72 813.63 4 26 30 atm.14%
{X } 81401 4 2.6 30 Cru(59g)
{[Br111)(2F) 814.24} atm.16%
O 111(5fD-6gF) 814.57 814.65 1 1.6 60  atm.20%
O 111(5fD-6gF) 815.23 815.25 1 1.6 60 atm.20%
He1\4/15 815.57 815.60 4 3.1 50  atm.19%
{N1v(6p!-7s") 815.96}
{X } 81602 4 6.8 20  atm.30%
O 111(5fG-6gH) 816.80 816.84 4 2.5 30 atm.28%
X 81775 4 2.6 30  atm.38%
{N12) 818.49}
{N1(2) 818.80} 818.70 4 6.0 15 (d)atm.18%
{Cmi(5g*H°-6h’*)  818.91?} C 111 818.6 assumed
C111(43) 819.65 819.67 5 161.0 20  atm.19%
N1(2) 820.04 820.00 2 2.3 70  (a) atm.19%
He1\4/14 820.39 82040 4 53 20
{[Cs VI](*P,-3Py) 821.06}
{N1(2) 821.07} 821.05 2 29 50 (a)atm.19%
N1(2) 821.63 82156 4 8.8 25  (b), (d) C11(5g-9h)
atm.4% C11(5p-7d)?
{N12) 822.31} 82227 3 5.5 40  (b), (d) C11(5p-7d)?
{Cmi(53G-6g*H")  822.62?} C 11 822.3 assumed, atm.14%
{O 111(5gH-6hI) 822.76} 82278 3 5.1 40  (b) atm.50%
{[Cru](1F) 822.97}
{He 11(5-9) 823.68} 823.67 3 638.0 6 atm.10%
{0 111(5¢G-6hH) 823.85}
{N12) 824.24}
{[KrVvI(1F) 824.31} 82427 3 13.0 35  (b), (c) atm.22%
O 111(5gG-6hH) 824.41 82446 2 4.7 60 (b), (c) atm.22%
{P40 824.99} » Change of
{O111(5gF-6hG) 825.08} 825.10 59.6 10 continuum for
{P39 825.24} A > 825nm
{P38 825.50}
{P37 825.78} 825.65 66.0 10
P36 826.09 826.11 3 55.6 8  Cui(6g-8h)?, atm.7%
{P35 826.43} 82645 3 64.3 7  atm.8%
{He1\4/13 826.44}
{P34 82679} 82679 3 52.1 6
{O111(5gH-6hI) 826.88}
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Table 2. (continued)

Identification Atheo Aobs n  10*F/Iz  Error (%) Comments -
P33 827.19 82720 3 45.2 8  atm.15%
P32 827.63 827.63 3 48.6 9 am.21%
P31 828.11 828.12 3 56.3 12 Cui(7g-11h)?, atm.21%
{P30 828.64} 828.65 3 64.9 8 atm.13%
{0 111(5gF-6hG) 828.67}
P29 829.23 82923 3 64.3 4  atm.6%
P28 829.88 829.88 3 72.5 6 atm.8%
P27 830.61 830.61 3 79.6 6 atm.15%
{P26 831.43} 83139 3 106.0 6  (d) C1(6h-8i)?
{Cmi(5g*F°-6h’3G)  831.51?} C111 831.2 ass., atm.8%
{He 11(6-50) 831.99}
{P25 832.34} 83234 3 106.0 5 Cui(7h-11i)?
{He 11(6-49) 832.50}

atm.4%
{He 11(6-48) 833.02}
{C111(12.01) 833.30} C11(7i-11k)?
{P24 833.38} 83338 3 118.0 5  atm.11%
{He 11(6-47) 833.60}
{C111(12.01) 834.16}
{He 11(6-46) 834.21}
{He1\4/12 834.22}
{[Fe VIGH-'T) 834.27}
{P23 834.56} 83455 3 138.0 8
{C111(12.01) 834.79}
{He 11(6-45) 834.86}
X 83527 3 43 30 (b)atm.8%
{He11(6-44) 835.55}
{Cu(12.01) 835.79}
{Cu1(12.01) 835.87}
{P22 835.90} 83589 3 173.0 4  atm.4%
{He1\1/6 836.16}
{He11(6-43) 836.30}
{He1\3/12 836.93}
{He 11(6-42) 837.10}
{P21 837.45} 83744 3 142.0 4  atm.6%
{He1\6/20 837.64}
{He1\5/20 837.77}
{He1\7/20 837.88}
{He11(6-41) 837.96} 838.00 3 6.3 15
X 838.72 3 17.3 15 atm.4%
{He 11(6-40) 838.89}
{P20 839.24} 839.25 3 162.0 8
{He1\6/19 839.73}
{He1\5/19 839.88}
{He 11(6-39) 839.89} 839.89 3 9.9 30 (b)
{He1\7/19 839.97}
X 840.58 3 6.6 13 Cui6f*-8g%)
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e,
.8: Table 2. (continued)
§E Identification  Ageo Aobs n  10*°F/Iz  Error (%) Comments
Ly
8 {He1(6-38)  840.98}
b {P19 841.33} 84133 4 190.0 3 atm.5%
{He 11(6-37) 842.16}
{He1\6/18 842.18} 842.19 4 154 17
{He1\5/18 842.37}
{He1\7/18 842.43}
X 84293 2 35 35 (a)atm.3%
{[Clm](3F) 84336} 84337 3 41.8 10 (a) atm.4%
{He11(6-36)  843.44}
P18 843.80 843.80 3 215.0 3 atm.6%
{He1\4/11 844.44}
{014) 844.64}  844.65 3 168.0 8 atm.8%
{He 11(6-35) 844.84}
{He1\6/17 845.10} 84524 3 125 25 (a)
{He1\5/17 845.32}
{He1\7/17 845.35}
{[VIIJQF) 84573}
{X } 84592 3 3.0 15 atm.4%
He 11(6-27) 862.61 862.63 2 18.1 5
X 86290 2 2.3 30
{He\3/10  863.26}
{x } 86335 2 6.3 15
{He1\6/13 864.81} 864.84 2 22.2 4
{He1\7/13 865.07} 01v(3p”-5p’)?
{C111(40) 865.26}
{He1\5/13 865.33}
{He 11(6-26) 866.14}
{He1\10/14  866.20}
{Ca1(2) 866.21}
{C111(45) 866.36}
{P13 866.50} 86650 2 591.0 3
{C11(45) 866.52}
{He1\9/14 867.04}
{N1(1) 868.03}
{[VIm(iF)  868.28}
{Ny1) 868.34} 86830 2 11.5 15 (@
{N1(1) 868.61}
{Hem(6-25)  870.13} 870.15 2 23.3 3
{N1(1) 870.32}
{C1v(10-17)  870.66}
{X } 87070 2 6.1 13
N1(1) 871.17  871.15 2 43 35 (b
Ni1) 871.88 87194 2 2.7 40 (b)
{[C1](3F) 87272} 87272 2 138.0 6

{He\10/13 87297}
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Table 2. (continued)

J.-P. Baluteau et al.: The 654—1046 nm line spectrum of NGC 7027

[OD5AGA. © 2303. J175B,

Identification Atheo Aobs n 10°F /Ig  Error (%) Comments
2 {He1\6/12 873.33} 87336 2 23.0 5
o {Her\7/12 873.59}

{He1\5/12 873.99} 87406 2 2.6 50 (b)
{He1\9/13 874.04}

{He 11(6-24) 874.68}

{P12 875.05} 875.05 2 702.0 4

X 876.11 2 1.1 60 (a)

X 87673 2 1.4 50 (d)
He 1\4/9 877.66  877.68 2 20.7 4

[P1)(1F) 878.76  878.80 2 1.1 60 (c)

X 879.13 2 1.5 50 (c)
C11(28.01) 879.38 87944 2 11.8 5 (@
{He11(6-23) 879.89} 879.89 2 35.3 4
{C1(28.01) 879.99}

{[Fe V]H-'G) 880.01}

Mg1(7) 880.68  880.67 2 5.3 15

He1\10/12 881.65  881.66 2 33 20
{O1v(3p™2P°-5p2D)  882.90}

{[S mI](1F) 882.97} 88298 2 9.8 15 (@)
{He1\9/12 883.04}

{He1\6/11 884.52} 884.54 2 38.7 4
{He1\7/11 884.79}

{He1\3/9 884.90}

{He1\5/11 885.41}

{[Se m](1F) 88542} 88539 3 11.7 10 ()
{C1v(9-13) 885.74}

{He11(6-22) 88591} 88590 3 433 15  (a)
P11 886.28 88627 3 852.0 3

X 88737 3 2.9 40  (c) C1i(5d-8f)
X 887.72 3 2.0 35 (c)atm.6%
X 888.54 3 2.3 35 atm.3%
[Fe 11)(13F) 889.19  889.19 2 147 6

X 880.86 2 24 30 @)
He1\2/7 891.46 89146 2 5.0 40  (c), (d)
X 892.00 2 2.7 30 (c)
Mg 1(25) 89236 89227 2 2.3 30 (c)

N v(10-13) 89257 89255 2 2.7 30 (a)
{He11(6-21) 892.90}

© {NV(©9-11) 892.92} 89292 2 49.0 5  atm.12%
{He1\10/11 893.06}

X 89332 2 1.9 50 (a)atm.5%
X 898.65 2 3.6 40  atm.58%
X 899.26 2 32 40  atm.45%
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e,

' Table 2. (continued)

§E Identification Atheo Aobs n  10*°F/Ig  Error (%) Comments

Ly

8 {He1\6/10 899.68}  899.71 2 433 6 atm.8%

“' {He1\7/10 899.96}
X 900.48 2 3.6 35  (a) atm.30%
{He1\5/10 900.90}
{He 11(6-20) 901.12}
{P10 901.49}  901.51 2 1310.0 13 atm.34%
X 902.17 2 2.3 50 (a)atm.32%
X 90243 2 39 35  (b) atm.34%
{NI1(15) 902.89}
{[Fe 11](13F) 903.35} 90329 2 10.4 30 (b), (d) atm.7%
[Fe11](13F) 905.19 90520 2 8.8 30 (b)atm.16%
[S11](1F) 906.89 906.89 3 14700.0 15  atm.30%
{C13) 907.83}
{x } 90799 2 21.0 30 (a)atm.45%
He1\10/10 908.53 908.49 2 10.5 40  (a) atm.36%
C1(3) 908.85 908.89 2 2.9 50 atm.21%
C1(3) 909.49 909.48 2 12.3 14  atm.21%
X 91038 2 10.5 50 (b)atm.38%
He 11(6-19) 910.85 91083 3 57.0 10  atm.28%
{He1\9/10 911.09}
{C1(3) 911.18} 911.17 2 7.0 30 (a)atm.30%
X 911.41 2 23 40  (b) atm.30%
O 111(4p>D-4d°F°) 911.61 911.72 2 33 50 atm.47%
[Clu](1F) 912.36 912.35 3 48.0 9 atm.11%
O 111(4p3D-4d3F°) 913.33 91338 2 3.7 40  atm.33%
N1v(10.01) 916.51 91637 2 4.1 25  atm.11%
{Om(4p’D-4d°F°)  917.42}
{He1\3/8 91744} 91748 2 32 30 atm47%
N1v(10.01) 918.22 918.12 2 2.9 30 atm.14%
{He1\6/9 921.02}  921.04 3 65.5 17 atm.10%
{He1\7/9 921.31}
Mg 11(1) 921.83 92183 2 10.5 50  (b)atm.18%
{N1v(10.01) 922.30}
{He11(6-18) 922.52} C1(5£-8g)
{He1\5/9 922.77}
{P9 92290} 92289 3 1940.0 10 atm.35%
{C11(16.02) 922.95}
{C11(10.02) 923.11}
C11(10.02) 923.68 92375 2 9.0 30 (b)atm.25%
Mg1i(1) 924.43 92446 2 7.6 45  (b), (d) atm.23%
{0x18) 926.09}
{01(8) 92627} 92620 2 6.7 30 (d)atm.20%
{01(8) 926.60}
{[Fe 11}(13F) 926.75} 92674 2 11.3 20  atm.30%
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Table 2. (continued)

Identification  Aheo Aobs n 10*F/I s  Error (%) Comments

He1\10/9 930.30 93036 2 4.0 60 atm.42%

X 931.88 2 53 50 Ci1i(5g-8h)
atm.61%?

He 11(5-8) 934.49 93450 3 595.0 50  atm.95%?

X 93540 2 11.7 40  atm.90%?

C111(7.02) 935.84 93583 2 145 50 atm.87%?

He 11(6-17) 936.70 936.71 3 92.0 30 (d) atm.67%?

X 938.10 2 10.0 40  atm.40%?

N1(7) 938.68 938.70 1 13.0 50 atm.31%

{[V1IVI(IF) 940.13}

{X } 94043 2 135 30 (d)atm.35%

{C109) 940.57}

X 942.64 2 13.0 40  atm.49%

X 946.04 2 11.7 50 (c)atm.38%

He1\1/5 946.34 946.34 3 78.0 13 atm.38%

X 94797 2 14.0 35  atm.20%

X 94930 2 11.0 40  atm.20%

X 94995 2 16.5 30  atm.20%

{He1\4/7 951.65}

{He1\6/8 952.60}

{He1\7/8 95291}

{[S 1](1F) 953.10} 953.02 1 48400.0 10  atm.15%

He 11(6-16) 954.20 95420 1 150.0 50 (a) atm.22%

P8 954.60 95452 1 3500.0 15 atm.22%

He1\5/8 955.28 955.25 1 14.0 30 atm.41%

X 95723 1 11.7 25  (d)atm.3%

He1\10/8 962.56 962.51 1 10.5 30  atm.19%

{C111(2.01) 970.11}

{He1\3/7 970.25} 970.18 2 11.7 30 (d)atm.6%

{[Tim]Q2F) 97053}
{Cm@2.01) 97054}
{Cm@.01) 97064} 970.60 2 10.5 30 Cui(7h-10i)?, atm.3%
{Cm@.0o1) 97151}

{Cu12.01) 97177}  971.60 2 6.0 50 atm.3%

X 971.95 2 9.5 35  Cui(7i-10k)?, atm.3%
He 11(6-15) 976.21 976.21 2 99.0 7 atm.11%

[CI](1F) 982.44 982.44 1 243.0 6 atm.4%

[CI)(IF) 985.03  985.06 1 725.0 5 amd%

{[Kru1](1F)  990.27}

{C1(17.02) 990.35}  990.39 1 123.0 7

X 994.25 1 16.5 40

X 998.02 1 23.0 40

O 11(4fG-5g) 998.24 998.39 1 8.0 60

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...303..175B

o,

E: J.-P. Baluteau et al.: The 654—1046 nm line spectrum of NGC 7027 191

1

: |

va%_: Table 2. (continued)

'

v
i Identification Atheo Aobs n 10°F/I Error (%)  Comments
\ B

L0y

(2]

{0 1(41G-5g) 998.85}

~—

- {On@fD-5g) 999.03}  999.02 1 14.0 50
{0 11(41G-5g) 1000.89} 100090 1 8.0 60
{0 11(41G-5g) 1001.09}
X 1001.77 2 14.0 30
{He1\8/7 1002.30}
{N1(4f-5¢") 100233} 100231 2 9.5 40
He1\6/7 100276 100278 2 147.0 15
{He1\7/7 1003.10}  1003.14 2 51.0 20
{N11(4f-5¢) 1003.54}
He 11(6-14) 100452  1004.54 2 250.0 30 (a)
P7 100494 100495 2 45400 4
N 11(4f°-5g") 100651  1006.32 1 7.0 50 (a)
{N11(4f-5¢") 1007.01}
{He1\5/7 1007.19} 100720 2 117 30
Mg 11(4f-5g) 100922 1009.15 1 6.0 50
{N11(65.17) 1010.81}
{N1(18) 1010.89} 101091 2 17.5 30
{O11(4fF-5g) 1011.04}
N1(18) 101125 101124 2 7.0 60 (a)
N1(18) 101146  1011.51 2 5.0 90 (a)
He 11(4-5) 101236 101235 2 10500.0 9
He1\10/7 101383 101374 1 26.0 25 (a), (d)
Cm(stl-6g") 101679 101672 1 15.0 50
X 101722 1 56.0 20
X 102034 1 23.0 40 (0
[Xem]CP,-3Py) 102065  1020.63 1 23.0 40% (o)
He1\9/7 102329 102332 1 13.0 50
[Sr1v](2P-2P) 1027.69 102775 1 15.0 60
[S 1](3F) 1028.67  1028.65 1 1390.0 6
He1\4/6 1031.11 103111 1 106.0 20
[S1](3F) 1032.04 103202 1 1960.0 6
[S ](3F) 1033.63  1033.62 1 1390.0 7
{x } 103637 1 40.0 30
{C11(17.09) 1036.48} »
[S1](3F) 1037.04  1037.04 1 555.0 8
{INTI3F) 1039.72}
{INTJ3F) 1039.77} 103978 1 525.0 8
{INTJ3F) 104072} 104074 1 365.0
{IN1J3F) 1040.76}
He 11(6-13) 104197 104197 1 205.0 10
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2.2.3. Sky-emission subtraction

Due to strong emission of the atmosphere, especially in the red
and far-red parts of the spectrum where prominent molecular
bands are present, sky subtraction is critical because a slight
wavelength shift along a CCD row can produce spurious signal
due to pixel sampling effects. Reference He and Ar lamp spectra
are needed to get an accurate knowledge of the spectrum cur-
vature on the CCD picture. The planetary nebula is de-centered
in the field of the spectrometer slit in order to get a sky region
where the central wavelength, for a given CCD row, is identi-
cal to that of the corresponding pixels within the nebula. The
atmospheric emission spectrum is obtained from the sky data
after removing spikes and averaging over a sufficient number of
CCD columns, in order not to degrade the signal-to-noise ratio
of the nebular spectrum. For bright standard stars, less affected
by atmospheric emission due to short exposure time, the sky
emission is directly measured on the CCD picture on both sides
of the star spectral track.

2.2.4, Sky absorption correction

The wavelength shifts are treated as in Sect. 2.2.3. Information
on the sky absorption spectrum is obtained from observation of
bright stars with no spectral feature of their own. After scaling
the atmospheric absorption to the corresponding air masses, the
correction is applied to the nebular spectrum. The efficiency of
this procedure is mainly limited, in strong absorption bands, by
our ability to get exactly the same central wavelength for each
spectral element on the star and on the nebula. Furthermore the
fact that the atmospheric absorption lines are much narrower
than both the spectral resolution and the nebular lines is also
limiting the accuracy of this procedure where nebular emission
lines are present: this is taken into account in the error estimate
of nebular line intensities (Sect. 3.2).

2.2.5. Wavelength and flux calibration

Since many nebular lines, particularly H1 and He 11, have well-
defined wavelengths and are quite regularly spread over the
spectral range of interest, they are used to provide the wave-
length calibration function. In regions where such lines are lack-
ing, we use those forbidden lines which have accurately defined
wavelengths. The accuracy of the wavelength determination is
from 0.02 nm for bright lines to 0.05-0.10 nm for the faintest
lines.

The flux calibration is achieved by means of secondary stan-
dard stars (Oke & Gunn 1983). The spectral data are summed
over a large number of CCD columns in order to provide a
correct spectrophotometry even though this increases the noise
level which however remains below 1% in a majority of cases.
Then, after correcting for atmospheric absorption, a third-order
polynomial fitting is applied to provide the relative flux calibra-
tion curve over the spectral range covered by the CCD, using
the absolute spectral energy distributions given by Oke & Gunn
(1983). Above 1000 nm, bright stars are measured in order to
shorten the exposure time. Their spectra are calibrated using

J.-P. Baluteau et al.: The 654-1046 nm line spectrum of NGC 7027

absolute data on Vega (Oke & Gunn 1983). The calibration un-
certainty is estimated from the scatter of the results within a set
of standard star spectra at a given wavelength. A conservative
figure of 3% is adopted. Of course the quality of the calibration
is degraded at wavelengths greater than about 900 nm, due to
reduced detector sensitivity and increased fringe contrast.

2.2.6. Final spectral scaling

Observations were secured with large overlap of consecutive
spectra. After reduction and relative calibration, the spectra are
adjusted using arbitrary multiplicative factors to yield continu-
ity on the nebular continuum throughout the regions of overlap.
In order to check for possible cumulative effects, the spectral
coverage being nearly one octave in wavelength, low-resolution
spectra taken in 1988 (Table 1) were also measured. The low-
and high-resolution spectra turned out to be consistent within
4% after independent calibration. This agreement gives confi-
dence in the calibration procedure adopted in this work. After
calibration, the intensities in “counts” per pixel are proportional
to energy fluxes (Paper I).

3. Identification of lines and intensities
3.1. Presentation

The results are presented in Table 2. Col. 1 gives line identifi-
cations with multiplet numbers in brackets (Moore 1965, 1970,
1971, 1975, 1976, 1979, 1980, 1983, 1985). Unidentified lines
are noted “X”. The theoretical wavelengths of the lines are given
in col. 2 (Moore’s compilations; Martin et al. 1988; Fuhr et al.
1988; Kaufman & Sugar 1986; Sugar & Corliss 1985; Kaufman
& Martin 1991, and references therein; Johansson 1978; Petter-
son 1982; Wenaker 1990; see also a list of references in Table 1
of Paper II for heavy elements).

Some wavelengths, computed from energy levels of Moore
and others but with no multiplet number, are explicitly defined
by their lower and upper levels. For the He II transitions, the
lower and upper principal quantum numbers appear in brackets
incol. 1. For the quasi-hydrogenic transitions of multi—charged
ions such as C1v and NV, the same notation as for He 11 is
adopted when no multiplet number is available. The notation
used here for the He 1lines with lower principal quantum number
n = 3 is explained in Table 3 and is the same as in Paper I: for
example, He 1\6/13 is the line n = 13 of series number 6 (namely
series 3*°D-n’F, also noted “S6” in Paper I). Other He I lines are
noted by means of their multiplet number.

Transitions involving extrapolated energy levels and men-
tioned as “comment” in col. 7 will be discussed in Sect. 4.5.

In col. 3 of Table 2 is given the observed wavelength and
in col. 4 the number of independent measurements from which
the line intensity of col. 5 was derived.

In col. 5, the intensity F) is in units I5 = 10* This in-
tensity is not corrected for interstellar extinction and results
from a direct scaling of the kind described in Sect. 2.2.6, using
unpublished optical spectra connecting H3 to Ha (Paper V).
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Table 3. He 1 series

Label Transition Label Transition
Het\l/n  3's-n’p He1\6/n 3°D-n°F
He\2/n  3'S-n'P He1\7/n 3'D-n'F
He\3n  3°P-n’S He\8n  3'D-n'P
Het\4/n  3°P-n’D He1\9/n 3'P-n's
He\Sn  3°D-n°P Her\10/n  3'P-n'D

De-reddened intensities relative to HB will be noted I. The
reddening correction is considered in Sect. 4.4.

The estimated error (in % of line intensity) is given in col. 6
(Sect. 3.2).

3.2. Error analysis

The error given in col. 6 of Table 2 results from several factors
encountered during the data treatment. They are listed below
together with'indications about the way they were assessed and
their impact on the overall error.

The measurement noise is intrinsic to the detector used for
the observations (either RCA or Thomson CCD’s). In addition
to the read-out noise it also includes the error due to the flat-
fielding correction. The latter source of noise is largely dominant
beyond 900 nm for the RCA CCD’s.

Sky subtraction may induce large errors at wavelengths
where a strong sky emission line is present. The procedure
adopted in Sect. 2.2.3 intends to minimize this error. Special at-
tention was devoted to the few strongest telluric emission lines.
In most cases this error is smaller than the measurement noise.

The error due to the atmospheric-absorption correction is
obviously related to the amount of absorption. The mean atmo-
spheric absorption at the wavelength of a line is given in col. 7
of Table 2 (noted “atm.”, in %), when it exceeds 3%. In domains
of strong atmospheric absorption, the noise level is dominated
by the absorption correction uncertainty (Sect. 2.2.4) and the
global error given in col. 6 is often relatively large.

The underlying continuum may be ill defined in the wings
of some strong nebular lines, particularly when they are satu-
rated in the CCD image and confusion may arise from dragging
effects. The shape of the wings is found to strongly depend on
the CCD used and the degree of saturation. This uncertainty
is tentatively taken into account in estimating the overall error,
particularly for faint lines.

The actual continuum may also be affected by the crowding
of several faint lines but this is difficult to quantify.

In case of critical blend or overlap, the overall intensity of the
feature is given in Table 2 for the sake of accuracy. An estimate
of the relative intensity of individual components can often be
obtained when necessary (Paper IV).

At last, the flux-calibration error induces relative flux un-
certainties on lines separated by a large spectral interval. The
fact two independent calibrations match together within 4%
(Sect. 2.2.6) over the whole spectral range suggests an overall
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absolute uncertainty of this order (not included in the estimate
of col. 6).

Most comments appearing in col. 7 deal with sources of
uncertainty. A few standard comments are noted by means of
letters as follows: (a) the line belongs to the wing of a strong
line; (b) the continuum under the line is not accurately defined;
(c) the line intensity is obtained after de-blending from nearby
lines of roughly similar intensity; (d) the line is broad and no de-
blending is applied (however code (d) is omitted for “standard”
blends, see Sect. 4.1.1).

4. Comments
4.1. Statistics
4.1.1. Lines

The total number of lines (including the X’s) listed in col. 1 of
Table 2is 654. Out of the 48 lines appearing in col. 7 (Sect. 4.5),
26 are blended with otherwise identified features and 22 effec-
tively replace 22 X’s of col. 1, so that the grand total of different
lines listed in Table 2 is 654+26 = 680. However many lines are
blended, notably the helium lines at the end of the Paschen se-
ries, and the number of “truly” distinguishable lines is smaller.

405 features were given an intensity in col. 4 of Table 2.
The “effective” number of detected lines is larger since, for the
sake of accuracy of the listed intensities, many blends, obvious
on the tracings, were not explicitly de-blended. For example,
the wings of most Paschen lines are clearly enhanced notably
by He 11 and He I lines and approximate intensities can be ob-
tained from observation. The effective number of detected lines
is therefore taken as the number of features in col. 4, with the
convention that broad features for which no de-blending was at-
tempted (noted “(d)” in col. 7) are equivalent to 1.5 or 2 different
emission lines. The weight 1.5 is adopted in case the feature is
judged weak and/or practically difficult to de-blend. Although
they were not noted (d) in col. 7, Paschen lines are considered as
two independent features in all cases their wings are detectably
enhanced by He II lines (among other lines). The same remark
applies to the clear blend of series He 1\6/n and He 1\7/n (Pa-
perI), inasmuch as they are not lost in the Paschen series (see an
example in Fig. 15 of Paper II: features “i”” and “j” are grouped
together in Table 2). Using this somewhat subjective rule, there
are ~465 observationally-distinguishable lines.

Some care has been exercised at checking the consistency
of the proposed identifications as often as possible (Paper IV).
Nonetheless the fact a theoretical wavelength coincides with an
observed one within uncertainties is no warranty the identifica-
tion is correct or complete, especially for weak lines.

The “truly unidentified lines” (hereafter “unidentified
lines™) are those lines noted “X” in col. 1 of Table 2, which
were not given an identification in col. 7 (Sect. 4.5). There are
62 such lines, that is 13% of the 465 different lines detected.
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Table 4. Line-flux measurement limit?

AMX(nm) F;\“i" I;‘\“‘“ Remark

654 — 686 0.8 0.25
686 — 696 1.3 040 H,O
696 — 717 1.0 0.30
717 - 727 3.0 0.80 H,O
727 - 759 0.8 0.20
759 - 768 4.0 0.90 (07
768 — 812 0.8 0.15
812 - 826 2.0 0.35 H,O
826 — 856 1.8 0.30 Paschen
856 — 886 1.4 0.20
886 -~ 893 1.5 0.20
893 - 903 2.5 0.35 H,O
903 — 933 5.0 0.70 H,O
933~ 970 10. 1.20 H,O
970 - 1012 10. 1.10

1012 - 1045 18. 1.90

 Intensity F\ and de-reddened intensity I, in units of 10747, 8-

4.1.2. Errors

About 1/4, 1/2, and 2/3 of the ~400 intensities listed in Table 2
have quoted errors < 10%, < 25%, and < 30% respectively.

About 30 lines are listed, whose intensities are affected by
errors greater than 50%. In general these very uncertain features
are considered only insofar as they coincide with missing lines
of otherwise observed multiplets. Due to this bias, virtually all
of them are necessarily “identified”.

About 60 lines are mentionned with an error of 50%, out
of which 15 are unidentified. The fraction of unidentified lines
(1/4) is somewhat larger than on average, owing to the difficulty
to fully describe theoretical spectra down to very weak lines.

4.1.3. Flux-measurement limit

The measurement limit is defined in practice as the minimum
line intensity allowing a measurement with an error not exceed-
ing 50%. It is estimated that less than 10% of the lines quoted
with this large an error are spurious detections. The detection
yield may be ~3/4 close to the limit, approaching 100% for
intensities twice larger than the limit. Mildly reliable detection
(with very large uncertainty) is still possible for fluxes ~1.5
times weaker than the measurement limit.

There are obvious provisos to the above statements. First,
weak lines are unreachable in the vicinity of strong lines due
to saturation and leakage. The interval affected by a strong line
is generally not symmetrical about the line wavelength and de-
pends on the line strength, CCD characteristics, spectral reso-
lution, and exposure time. Second, the detection limit worsens
in a more or less erratic manner within atmospheric absorption
bands.

Table 4 provides approximate measurement limits for spec-
tral ranges listed in col. 1. The F’) limitis given in col. 2 and the
(de-reddened) I limit in col. 3 (Sect. 4.4). Inside atmospheric
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bands, the quoted limit should be understood as some kind of
an “effective average”, detection being very difficult at selected
wavelengths.

Table 5. Line detection and identification

AX(nm) KACE KAF  Present

654 — 823 nm

Line number 29 43 249°  (220)°
Unid. lines 3 14 23

< Fx >ihd 120 48 2.3

823 -875nm .

Line number 17 48 84 (63)
Paschen lines 14 25 27

Other lines 3 23 57 (36)
Unid. lines 2 11 8

< F)\ > unid 70 26 5.8

875 -1045nm

Line number 144 - 129 (119)
Unid. lines 0 - 30

< F\ >unid - - 11.5

* Number of detected lines.

® Number of explicit intensities in Table 2.

¢ Mean intensity of unidentified lines (I = 10*).
¢4 Compilation.

Shortward of 826 nm, the measurement limit is normally
F ~ 0.8-1 in our units, except for three atmospheric bands
~10nm wide. The corresponding de-reddened limit I runs
from ~0.30 (660 nm) to 0.15 (820 nm). The F), limit is twice as
bad in the interval 826-900 nm, due in part to the difficulty in
accurately defining the continuum level in between the many hy-
drogen and helium lines (in addition even relatively strong lines
are hard to see close to the end of the Paschen series). However
the I, limitis about the same as above. Thus, over ~200 nm, that
is 80% of the interval 654—900 nm, lines are effectively detected
and measured down to (1-2)x 10~ of [O 111], the strongest op-
tical line. The detection limit is degraded throughout the atmo-
spheric H,O band 893-980 nm, particularly beyond 900 nm,
and does not recover at longer wavelengths owing to the lower
sensitivity of the detector and the smaller number of spectra
available.

4.2. Comparison to previous surveys

Previous spectral surveys encompassing at least part of the range
considered here include those by Aller & Minkowski (1946),
Kaler et al. (1976, hereafter KACE), Condal et al. (1981), and
Keyes et al. (1990, hereafter KAF). The line list of Condal et
al. (1981) is almost identical to that of KACE and will not
be considered. In retrospect one should acknowledge Aller &
Minkowski (1946) decisively established the field since their
pioneering list of ~30 far-red lines has not been significantly
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Table 6. Identifications in KAF

A(nm) Identification
685.0 [Mnvi]

7054  O1v +[Criv]
7059 wgHer O1v
7062 wgHel Hei+Ci1v
728.2  Hel

748.7 Ci

749.3  spurious

7535 [Xe1v]

770.3 N1iv

771.3 O1wv

7724  Sitv+01v
772.6 Civ

773.6 Civ

819.7 Cin

825.0 P40+P39+011
825.5 P38

825.8 P37

8342  wgP23:Hei+Helr
834.8  wgP23:Hel
850.0  wgP16: [Cli)
859.4  wgPl4:Hell
861.7 [Fe 11]

866.7* wgP13: He1r
873.3 He1r+Hel

8747  wgPl12: Hen

* Probable misprint: read 866.1.

superseded until the late 80’s, excepting a dozen rather trivial
Paschen lines.

4.2.1. Detection rates

Table 5 compares statistical information about lines detected
by KACE, KAF, and in the present work for the three spec-
tral ranges 654823 nm, 823-875 nm, and 875-1045 nm, where
A823 nm corresponds to the effective limit of the Paschen series
and A875 nm to the maximum wavelength observed by KACE
and KAF. For the range 875-1045 nm, the column “KACE” cor-
responds to their compilation of pioneering photoelectric mea-
surements by O’Dell (1963) and Schwartz & Peimbert (1973),
to which are added the 3 lines [C 1] discovered by Danziger &
Goad (1973).

For each spectral range is given (1) the total number of
observed lines, (2) the number of “unidentified” lines (including
a mis-identification of A772.6 in KACE and KAF, Sect. 4.5.2),
and (3) the mean intensity < F > of the unidentified lines (in
units of 10747 ). For the interval 823—875 nm, the observed
lines are further subdivised into Paschen lines and other lines.

4.2.2. Wavelength range 1: 654-823 nm

Out of the 3 unidentified lines in KACE, one was a C 111 line,
another one was in fact mis-identified ([S 1] instead of C v),
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and the last one, A808.8, was probably a spurious detection (al-
though it was listed by Condal et al. with even larger intensity).
Note that the lists of lines in Aller & Minkowski (1946) and
KACE were very similar, whereas the relative line intensities
were in reasonable agreement.

KAF increased the number of detections by 50%, but pro-
posed almost no new identification, so that 1/3 of all lines were
left unidentified. Most of these new lines are now probably iden-
tified (Table 6) except for A749.3, that we do not see (upper limit
1.5 in our units). Also, our intensities for A\660.1 and A815.6 are
about 1/10 and 1/3 those of KAF, respectively, that is below their
detection limit. Thus ~27 lines are really observed and identi-
fied by KAF in range 1, to be compared to the ~226 such lines
quoted in Table 2 in the same range.

The fraction of unidentified lines is ~1/10 in Table 2. The
drastic decrease of the mean intensity of unidentified lines (Ta-
ble 5) from KAF to the present work confirms that the improve-
ment in either detection limit or identification rate amounts to
one order of magnitude.

4.2.3. Wavelength range 2: 823-875 nm

Out of the 3 non-Paschen lines quoted by KACE, one, A827.0,
roughly coincide with the excess observed in P34-P36 (PaperI)
but may as well be spurious since it was not mentioned by KAF,
another one was mis-identified ([Fe 11] instead of O 1), and the
last one was correctly identified, except for a rather inaccurate
wavelength and a typing error ([Cl 111] should read [Cl11)).

Inrange 2, the use of a CCD was a breakthrough since KAF
detected twice as many Paschen lines as did KACE and many
non-Paschen lines. However half the new lines awaited an identi-
fication (Table 6). Due to the many Paschen lines, the number of
potentially detectable non-Paschen lines is somewhat reduced.
Nonetheless, compared to KAF, the detection rate is more than
doubled in the present work, while both the identification rate of
non-Paschen lines and the mean intensity of unidentified lines
are improved by nearly a factor of 5.

4.2.4. Wavelength range 3: 875-1045 nm

Since the photoelectric measurements compiled by KACE, only
a handful of new detections and identifications were reported in
range 3 for NGC 7027 (e.g., Rudy et al. 1992). In Table 2, the
number of lines is increased by one order of magnitude.

Despite this improvement, the detection rate per unit energy
interval is ~50% smaller than in previous ranges. About 40%
of range 3 is severely affected by H,0 absorption, while the
sensitivity of the detector is lower.

4.2.5. Line intensities

Figures 1-5 show the logarithmic differences between previ-
ous and present measured intensities (relative to Hp). Fig-
ures 1 and 2 compare the KACE intensities with ours in range 1
(654-823 nm) and range 2+3 (823-1045 nm), respectively. For
the comparison with KAF, range 1 is split in two intervals:
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Fig. 1. Logarithmic differences between the intensities listed by Kaler
et al. (1976) and those of Table 2 versus the log of the intensities of
Table 2 for the wavelength range 654-823 nm. The line A808.8 listed
by KACE is omitted

Figures 3 and 4 correspond to intervals 654-740 nm and 740—
823 nm, respectively, and Fig. 5 to range 2 (823-875 nm). The
horizontal scale is in 2 = log(10% F)/I), using the data of Ta-
ble 2.

No departure from linearity and no difference in scaling rel-
ative to HQ is apparent shortward of the Paschen limit (range 1),
comparing with either KACE (Fig. 1: 3.5 decades in intensity)
or KAF (Fig. 3: 4.5 decades and Fig. 4). However Fig. 4 shows
that, longward of 740 nm, the intensities of KAF are larger than
ours for lines with F’\ < 15 in our units (z < 1.18). In Fig. 3,
the two points z < 1.0, the feature A660.1 which lies out of the
graph, and the striking gap 1.0 < z < 1.5 are all consistent with
the trend seen in Fig. 4. That an intensity of 15 is close to the
detection limit of KAF is also suggested by the fact, in the full
range 1+2, KAF missed about 20 lines with ), > 10, whose
mean intensity is 16 (excluding the very strong [C 1]872.7, for-
gotten by KAF).

In Fig. 2, the limit between photoelectric and photographic
measurements (scaled by photoelectric data) of KACE approxi-
mately corresponds to an intensity of 600 (x = 2.75). Old photo-
electric data compare quite well with our results, except for the
strongest line [S 111]953.1 (O’Dell 1963), which indeed proved
to be overestimated: Scrimger et al. (1978), Dinerstein (1980),
and Condal et al. (1981) obtained values within 10% of ours.

In Fig. 2, the photographic data of KACE almost exclusively
encompass the end of the Paschen series (P13—P25). From P13
to P18, the KACE intensities are shifted downward by a roughly
constant factor of 1.4 (the O’Dell flux for P13 turned out to be
correct but was unfortunately not used by KACE to scale their
long-wavelength intensities, possibly because some inconsis-
tencies appeared at shorter wavelengths). Then the “asymptotic”
shrinking of KACE intensities relative to ours beyond P18 (fac-
tor ~ 4 x 1.4 at P25 and P26, which lie out of Fig. 2) is probably
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Fig. 2. Same as Fig. 1 for the range 823-1045 nm. Points to the right
of x ~ 2.75 (intensities > 600) correspond to pioneer photoelectric
measurements. Other points correspond to KACE’s photographic mea-
surements of Paschen lines (A < 867 nm). The low-intensity isolated
point correponds to A827.0 (KACE), tentatively associated to the flux
excess in P34-P36 (Paper I). Points corresponding to P25 and P26 lie
in the direction of the vertical arrow. The short horizontal segment is
shifted down from AlogF = 0 by a factor 1.4 and runs across the
points corresponding to P13-P18

not due to a departure from linearity but indicates that KACE
measured intensities above some “effective” continuum, which
depends on both the spectral resolution used and the progres-
sive blending of the lines. The continuum we adopt at the end
of the Paschen series is a straightline extrapolation from longer
wavelengths (Paper I).

Discrepancies qualitatively similar to those revealed in
Fig. 2 are apparent on comparing the KAF intensities with ours
(Fig. 5). First, although there is a rather tight correlation over
the upper decade of the graph, the KAF intensities are shifted
downward by a constant factor of ~1.19. Second, a shrinking of
their Paschen-line intensities is detectable beyond P28. In fact
a sharp jump between P30 and P31 and a roughly constant shift
~1.5 of the P31-P38 intensities listed by KAF with respect to
the present ones is also consistent with the data.

The problem at the very end of the Paschen series may again
be one of definition of the continuum level. Thanks to a better
spectral resolution and signal to noise, KAF results (Fig. 5) re-
main parallel to ours up to P29-P30 (x > 1.80) instead of P18
(z > 2.25) in the case of KACE (Fig. 2). Also the departure of
KAF intensities from ours beyond P30 is much less severe than
before.

The good correlation between both the recent CCD sets of
intensities for most relatively strong lines is encouraging. On
the other hand, the shift of 19% in Fig. 5 is not understood.
It may partly arise from the fact the intensities of strong lines
in Table 2 include contributions from weaker helium lines. We
note however that (1) the total of these contributions most of-
ten amounts to 3-8% of the Paschen lines, (2) not all of these
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Fig. 3. Logarithmic differences between the intensities listed by Keyes
etal. (1990) and those of Table 2 versus the log of the intensities of Ta-
ble 2 for the wavelength range 654—740 nm. The point corresponding
to line A660.1 lies in the direction of the left-corner arrow
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Fig. 4. Same as Fig. 3 for the range 740~823 nm. The point to which
is attached an arrow corresponds to our upper limit to the intensity of
A749.3

contributions can be distinguished and removed observation-
ally, and (3) all lines listed by KAF in the vicinity of a strong
line were added to the strong line before comparing to our data.
This discrepancy cannot be due to some more or less continuous
drift of calibration with wavelength since no tendency at all is
seen in Figs. 3 and 4. Therefore a quasi discontinuity must exist
within the interval 820-823 nm, that is at the Paschen limit, in
one of the data sets. Our data and procedure exclude, we think,
an error exceeding ~3%. We note that this shift almost exactly
coincides with the “implicit” shift between the present data and
those we published earlier in Paper I for H and He lines over the
range 681-1045 nm (Sect. 4.4.1). This should be coincidental,
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Fig. 5. Same as Fig. 3 for the range 823-875 nm. The long segment
is shifted down from AlogF\ = 0 by a factor 1.19 and runs across
the points corresponding to z > 1.75 (intensities > 60). The short
segment is shifted down by a factor 1.5 and runs across the points
corresponding to P31-P38 (see Sect. 4.2.5)

as KAF did not refer to the intensities of PaperI to calibrate
their own intensities longward of the Paschen limit.

4.3. Unidentified lines
4.3.1. Most significant lines

A majority of the ~60 (“truly”) unidentified lines in Table 2 are
very weak.

27 unidentified lines are found with an error not exceeding
30%, out of which 9 have intensities larger than 10 in our units.
However, 5 among these 9 lines belong to restricted spectral in-
tervals (particularly 940-958 nm) badly affected by atmospheric
absorption, in which the error estimate itself is dubious.

About 10 unidentified lines are found with an error not ex-
ceeding 20%. Among them, only two, namely A838.72 and
A1017.22, stands out in that their intensities are significantly
larger than 10 in our units.

De-reddened intensities are physically more significant, es-
pecially as reddening helps to compensate for the decrease of
sensitivity toward long wavelengths. Using to a first approxima-
tion the reddening law of Paper I (Sect. 4.4), only 4 unidentified
lines are found with an intensity I, > 3 x 1074] 2 (A907.99,
A1036.37, in addition to the above lines). Also 15 have either
I > 0.9 x 107*I or an error less than 20%, but only 6 of
them fulfill both criteria (A695.87, A\771.95, A816.02, A863.36,
and again A838.72, A1017.22).

4.3.2. Wavelength distribution

The mean intensity of unidentified lines is roughly doubling
from one wavelength range to the next (Table 5). The difference
between ranges 1 and 2 may not be very significant as the mean
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would be decreased by a factor 1.6 in range 2 on removing just
line A838.7. Conversely otherrelatively strong unidentified lines
may easily be “hidden” by the several Paschen lines showing
an excess intensity (Paper I), then increasing the mean intensity
quoted for range 2. It remains that the variation from range 1
to range 3 is certainly significant: as expected, the unidentified
lines are stronger in lower signal-to-noise conditions.
However what may not be expected is that the fraction of
unidentified lines in range 3 is ~1/4, compared to a constant
value ~1/10 in the rest of the spectrum. Some explanations
may be as follows:
1/ Due to insufficient spectral resolution, the correction for at-
mospheric absorption is on occasion so unreliable as to produce
spurious lines (with some kind of consistency). This is certainly
a serious problem, although we have tried to be reasonably se-
lective in accepting lines in such cases. Note that, within the
H,0 band, say 893-963 nm, neither the fraction of unidentified
lines nor their mean intensities seem particularly enhanced.
2/More spurious lines are generated at longer wavelengths, due
to the lower signal-to-noise ratio. In principle the criteria leading
to line detection are the same at all wavelengths and should not
produce such an effect.
3/Most unidentified lines are real in range 3 and atomic spectra
are less thoroughly described at longer wavelengths. Although
the observations are of lesser sensitivity, this is our preferred
interpretation. Emission at long wavelengths may a priori in-
volve many atomic levels, particularly from complex ions, such
as C1,N11, O11, O 11 in which the details of radiative cascades
following recombination are not well known (departure from
LS coupling, etc). One more difficulty is that, due to the lower
rate of detection, many lines useful to check the presence of
multiplets may be missing.

4.4. Reddening and Paschen lines
4.4.1. Previous reddening corrections

The conversion of far-red relative intensities into intensities rel-
ative to Hf was obtained in PaperI by means of theoretical
intensities of Paschen lines, assuming (1) mean physical condi-
tions derived from a photoionization model of the nebula and (2)
a standard reddening law, as formulated by Miller & Matthews
(1972), with a logarithmic extinction at H3 of ¢ = 1.40 and a
ratio of total to selective extinction R = Ay /Eg_y =3.20 (R
recommended by Seaton 1979b; later in this Section, following
aremark by Howarth (1983), we shall adopt the reddening law
as formulated by Seaton 1979a, with R =3.1).

This indirect “absolute” scaling was used in PaperII to get
far-red line intensities from heavy elements, as the final con-
nection to the optical was not yet achieved.

The intensities given in Table 2 are 17% larger than those
corresponding to the scaling made in Paper I. This difference is
to be compared to the 4% uncertainty introduced in the process
of connecting the far red to HS through successive continuum
overlaps (Sect. 2.2.6). Unless the physical conditions assumed
in PaperI were unrealistically wrong (see a discussion of the
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sensitivity of the Paschen decrement and Paschen discontinuity
to physical conditions in Paper I), this difference would suggest
that the reddening correction adopted in PaperI (and Paper II)
was somewhat too small. Using the same reddening law, coher-
ence between PaperI and the present data would be restored at
A = 840.0 nm if one would accept ¢ = 1.53.

The reddening correction to be applied is a subject of debate
(Miller & Mathews 1972; KACE; KAF). Differences between
authors and methods, which roughly amount to 0.1 on c, are
likely to be real, reflecting the uneven distribution of dust ab-
sorption across the nebula (Atherton et al. 1979; Seaton 1979b;
Condal et al. 1981). The value ¢ = 1.40 (Paper I) intended to be a
reasonable average value. On the other hand, the value c = 1.53
is larger than any global determination so far and leads, from
Table 2, to Io/I3 = 2.44, which is inacceptably low compared
to the theoretical value of 2.78.

Notice that, in Paperl, the reddening correction was only
applied differentially within the far-red range. As long as the
recombination theory for H (and He) is correct and the adopted
mean physical conditions were roughly acceptable, the de-
reddened intensities of most far-red lines considered in Paper I
could hardly be in error by more than 10%, irrespective of the
actual reddening law (see below).

4.4.2. Uneven distribution of reddening

The uneven distribution of reddening across the nebula has been
re-considered by Walton et al. (1988), who compared H3 maps
to radio maps, Woodward et al. (1992), who analysed colour
excess from H and K images, and Robberto et al. (1993), who
performed sub-arcsecond optical line imaging. Reddening can
greatly vary on arelatively small angular scale, so that the use of
one simple reddening law to connect, e.g., the far-red to the op-
tical may be questionable, when dealing with spectra averaged
over different parts of the nebula (Seaton 1979b; Middlemass
1990).

Our North-South slit encompasses the “bright spot”, which
corresponds to a minimum of reddening, and the conspicuous
South-West part of the heavily reddened, sharply defined, “equa-
torial disk”, best visualized in the [O 111}/Ha image (Fig. 8 of
Robberto et al., almost equivalent to an H3/Hca image). Using
the HB/Ha ratio of Robberto et al. (1993), these two regions
correspond to Ay ~2.4 (Eg_y ~0.79)and Ay ~3.5(Eg_v
~ 1.13) respectively. Using instead [O 111]/Hey, which provides
a much better signal-to-noise ratio, the variation of Eg_y from
the bright spot to the equatorial spot is 0.69, that is twice larger
than the one deduced from HQ3. A differential extinction Eg_y
~ 0.8 is in general agreement with optical, infra-red, and ra-
dio data for the bright spot (references above). Then, based on
[O11l/He, Ep_v should be 0.8 + 0.7 at the equatorial spot,
that is almost twice larger than at the bright spot. This estimate
is based on optical data only. A ratio of Eg_y’s even larger
than 2 can be anticipated in a comparison of far-red lines to H3
since more heavily obscured zones, not sampled at optical wave-
lengths, may be progressively revealed at longer wavelengths
through the equatorial disk. Although somewhat more ambigu-
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ous, the map of the H — K colour-magnitude excess confirms
this trend: an absolute maximum of reddening clearly appears
in the south equatorial zone crossed by our slit, where Eg_y
may be 3 times larger than in the bright-spot zone (Fig. 5 of
Woodward et al. 1992) and the visual extinction may locally
reach Ay ~ 8. According to Woodward et al. (1992), this is
in approximate agreement with the extinction map derived by
Atherton et al. (1979) from the ratio of Ho to 5 GHz continuum
emission.

From these observations, it is concluded that: (1) the intrin-
sically brightest parts of the nebula encompassed by our slit can
be divided into two relatively well-defined zones (zone 1 = vi-
sual “bright spot” and zone 2 = “equatorial disk™), (2) the Eg_y
relevant to a comparison of the optical to the far-red emission
may vary by a factor 2 to 3 from zone 1 to zone 2, and (3) zone
1 corresponds to a typical (minimum) Eg_y ~ 0.8.

The observed ratio F,,/Ig of Ha to HS in the slit is 7.37
(Table 2) and the intrinsic ratio is I,/Ig = 2.78 (using case B
recombination, T=1.45 10*K and n, = 6x 10*cm ™3, Hummer &
Storey 1987). Assuming a completely uniform reddening within
the slit, the differential extinction is EOB_V = 0.911 (Seaton
1979a, with R = 3.1).

Consider a schematic 2-zone model in which Eg_y is uni-
form in each zone. Assume the intrinsic relative line fluxes
from both zones are equal. Let a be the fraction of intrinsic flux
within the slit produced in zone 1. Given E_,, (< E%_,,) and
E%_y, ais uniquely determined by the condition I,,/I5 = 2.78.

Taking for example (see above) EL_y, = 0.8 and E%_, =
2.0, zone 1 is found to produce a = 26% of the intrinsic emission
and 95% of the HB flux observed in the slit. Compared to the
strictly uniform (one zone) model with Eg_y = E}_, , this 2-
zone model increases the reddening-corrected intensity relative
to HB (and Hey) by 11.4% and 25.8% at 840 nm and 1000 nm
respectively.

Although rather extreme, this example illustrates qualita-
tively how a strongly varying obscuration across the slit, inde-
pendently documented in many observations, can help recon-
ciling the present data with the theoretical scaling performed in
Paper I (assuming uniform reddening).

A problem faced in Paper I was an apparent excess of inten-
sity of the upper part of the Paschen series (principal quantum
number n > 21, A < 837 nm) relative to the lower part. In
Paper, this problem led to the assumption that many high-n
Paschen lines should be blended with unidentified lines. Indeed
a number of such blends is now identified (Table 2), reducing
substancially the intensity of many of the “anomalously” strong
lines (Paper IV). Nonetheless, a significant excess is still glob-
ally present. As shown above, this excess may be removed after
considering explicitly non-uniform reddening and can be taken
as a spectroscopic signature of non-uniform reddening.
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4.5. Permitted lines
4.5.1. Extrapolated levels

A number of unidentified lines is attributed to transitions in-
volving a level whose energy was extrapolated by us from avail-
able information: then the transition is defined in col. 7 (“com-
ments”) and no “theoretical” wavelength is given in col. 2 or
7. When a new transition is defined in col. 7, it should be un-
derstood that the observed wavelength (col. 3) agrees with the
extrapolated value within usual uncertainties. However a ques-
tion mark is attached to the identification in case the extrapolated
wavelength is judged inaccurate. Two question marks mean the
wavelength is very tentative and the identification is at best a
suggestion.

Many quasi-hydrogenic transitions, which were also intro-
duced by us, particularly for C1v, O1v and NV, are expected
to be sufficiently well determined to appear in col. 1 and 2 with
no special comment.

A few dielectronic lines are only known from theory (Nuss-
baumer & Storey 1984): they appear in col. 1 but a question
mark is attached to their wavelength in col. 2. In some cases
an “empirical” wavelength based on the observed spectrum is
proposed in col. 7.

Owing to the large abundance of carbon in NGC 7027, many
permitted lines from all possible ions of carbon show up. A few
qualitative aspects of line identification are now discussed, em-
phasizing the carbon lines obtained by extrapolation of level
energies and some consequences for the optical range. Quanti-
tative aspects are postponed to Paper IV.

452.Civ

The line A772.62 was identified with [S 1] by KACE and KAF,
even though the wavelength coincidence was known for some
time to be poor (Eriksson 1978). The very large strength of
this presumed forbidden line has been a subject of concern
(Péquignot et al. 1978; Butler & Dalgarno 1980), casting un-
due doubts on the correctness of conclusions based on detailed
modelling of nebulae. In the present observations, the varia-
tion of the line intensity along the slit of the spectrograph is
similar to that of highly ionized species rather than to neutral
species. Moreover the “transauroral” line [S 1]458.93, propor-
tional to [S1]772.50, should be detectable in our unpublished
optical data, but is not. The detection of other C IV recombina-
tion lines is additional support to the correctness of our identifi-
cation with C 1v(8.01) (Moore 1970). The line has long ago been
correctly assigned to C 1v by Grandi (1976). The next odd-n line
of the series is C 1v(6-9), predicted at A368.98, an unidentified
line in KACE. ‘

C1v(8-11)773.60 is relatively strong and the next odd
members of C1v(8-n) coincides with unidentified optical lines
noted by Aller et al. (1955) and KACE, e.g., A586.5, perhaps
509.3, 468.0. Members of series C 1v(9-n) and, quite probably,
C1v(10-n) are detected, in the far-red, e.g., at A720.7, 674.7,
870.7, 736.4. Some others should be significant contributors to
blends (Paper IV). The highest C 1v level positively detected by
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means of an un-blended line may be n =23 (A702.19). Notice
that all quasi-hydrogenic C1v lines involving large principal
quantum numbers should be systematically blended with — and
therefore enhanced by — homolog O 1v (and occasionally N 1v)
lines, although the O 1V lines were not explicitly listed in Ta-
ble 2.

C1v(7-9) is barely seen in the wing of He1 706.5, but the
next members of series C Iv(7-n) systematically appear as rel-
atively strong unidentified optical lines in the list of KACE at
A547.1, 468.9, 422.9 (blend [FeV]), etc., perhaps up to A335.9
(n=17). .

Along the same isoelectronic sequence, N v(7-8)761.8 is
clearly detected in spite of atmospheric absorption. Other rela-
tively free N v lines may include two members of series N v(10-
n) at A892.6, 744.0.

45.3.C

The large strength of C111(5g—6h)819.7 suggests other lines
from higher levels may be detectable. However the highest large-
[ one-electron C 111 terms compiled by Moore (1970) are 6h, 7g,
6f!, and 7f3 (the latter with a question mark). Extrapolation is
performed graphically, comparing with the very similar case of
Si 11 for which higher levels are available (Moore 1965). The
energy differences between Si 111 and C 111 and the departure of
C 111 energies from pure hydrogenic energies are all assumed to
vanish steadily as n and [ increase. Analogous procedures were
used by Péquignot et al. (1993) for several nitrogen and oxygen
ions.

Then Ci1(5g-7h) and Cui(5g-8h) are predicted at
A513.12, a strong unidentified line in KACE, and A\412.88, left
unidentified by Aller et al. (1955) and wrongly identified as
[Fe111](4F) by KACE (Garstang 1957). Many weaker optical
C 111 lines are predicted and indeed detected in our unpublished
spectra (Paper V). For illustration, a dozen such lines can be
found in the captions for Figs. 3, 4, and 6 of PaperII, ~2/3 of
them being sufficiently strong and un-blended to be effectively
seen. Notice A\513.12 was commonly detected in bright plan-
etary nebulae at a time unidentified lines used to be listed by
observers (e.g., Aller & Walker 1970). It is suggested this line
may provide a new diagnostic for carbon-abundance determina-
tion in planetary nebulae (according to Paper I, the contribution
of [Kr v]513.13 should be small).

454.Cu

Line C 11(4f-52)990.3, upstream from the well known C 11 426.7
in radiative cascades, is strong enough to imply other C11 re-
combination lines should be detectable. Thus the next members
of the series (Moore 1970) appear at A646.20, a strong uniden-
tified line in the table of KAF, and A534.24, visible in Fig. 2
(line “f”) of Paper II. Several multiplets corresponding to tran-
sitions between low-energy one-electron levels are strong (e.g.,
A723.1, 657.8).

The dielectronic-line spectrum of C 11 is rich. Note the core
of the doublet line A879.4 (line “d” in Fig. 15 of PaperIl) is
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distinctly broader than the core of isolated lines (e.g., lines “a”
or “f” in Fig. 15), although no blend was identified and the
nearby strong He I1 cannot induce this effect. In fact He 11 itself
is slightly broadened by a blend with the second component
of the C11 doublet and some other lines. Moreover C 11 879.4
shows an extended blue wing (features “b”+‘“c”), which is es-
sentially unidentified (the hardly significant weakest part “b”
of the wing is very tentatively attributed to [P 1], but no com-
pelling spectroscopic confirmation is yet available, and feature
“c” is not identified). A red wing would be hidden by HeII
Line C11 879.4 is peculiar in that it is the only identified exam-
ple in our spectra of a reasonably clear and strong dielectronic
line arising directly from an autoionizing upper level (Moore
1970). The peculiar profile of this line is, we suggest, the spec-
troscopic signature of the very large natural width inherent to a
strongly autoionizing level.

Multiplet C11(14) is a strong dielectronic quartet, displayed
in Fig. 9 of Paper II. As noted by Grandi (1976), the presence of
quartet lines is at first view quite surprising since recombination
to C* should proceed almost exclusively from the ground state
of C?*, that is from a singlet term, and intercombination tran-
sitions are typically 10* times less frequent than normal dipole
transitions. The explanation lies in the fact autoionizing transi-
tions may indeed be 10* times faster than usual bound-bound
transitions, so that intercombination transitions involving au-
toionizing levels may have transition rates comparable to dipole
transitions. In favourable conditions, autoionizing quartet terms
can build up a substancial population and then radiatively decay
to bound terms (e.g., Nussbaumer & Storey 1984). The observed
strength of the multiplet implies that dielectronic recombination
to quartets is very effective and should be included in the total
recombination rate coefficient of C1I and other ions (Badnell
1988).

The highest one-electron terms tabulated by Moore (1970)
are 7h, 8g, and 7f. Compared to C 111, the extrapolation to higher
levels of C11I is easier in that only doublets need be considered
and the departure from hydrogenic energies is weaker. Thus
the uncertainty on the predicted wavelengths should not ex-
ceed the observational uncertainty. Many predicted C11 lines
are then found to nicely coincide with previously unidentified
weak lines. Although blends are quite frequent, isolated mem-
bers of all series corresponding to lower levels Sg, 5f, and 5d are
probably detected (1931.9, 757.4, 814.1, 751.0, 710.2, 887 .4,
688.1). The fact no predicted C 11 line of any significance is ab-
sent from Table 2 indirectly confirms the reality of most lines
left unidentified, however weak they may be. In the case of C 11,
extrapolation of levels is not expected to help identifying strong
lines in existing optical tabulations, since strong recombination
lines involve a few relatively low levels already tabulated by
Moore (1970). Many weak lines are expected.

4.5.5. Neon

Levels n = 6 and 7 are unknown for Ne**. Transitions 6h—
7i and 6g—7h are rather conspicuous for C 1v772.6, N1v770.3,
758.2, and O1v771.3, 767.7. Homolog lines of Ne Iv may not
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be detectable, due either to unfavorable wavelengths (blend,
etc) or to splitting of the terms in several weak components.
Alternatively they may correspond to lines left unidentified. In
the latter case, since nitrogen and neon have roughly similar
abundances, the NeIv lines should be quite strong. Here we
tentatively suggest to identify Ne 1v(6h-7i) and Ne 1v(6g—7h)
to lines A774.65 and A771.95, respectively. The former could
be quite noticeable among unidentified lines, were it not for the
proximity of the very strong [Ar111]775.1. The quoted intensity
may be somewhat small for Ne1v, but no other candidate is
apparent at least within £40 nm of the hydrogenic wavelength.
The latter line on the other hand should be weaker and therefore
less “unique”. Due to the small silicon abundance, only a small
fraction of the selected line can be Si1v(6g-7h). Besides the
observed wavelength is a poor match to that of SiIv.

Insufficient description of atomic energy levels is, we think,
the main reason why no neon line could be identified, whereas
a few magnesium and silicon lines and tens of nitrogen and
oxygen lines were.

4.6. New forbidden lines and new elements

Longward of A654.0 nm, Aller & Minkowski (1946) and KAF
listed 15 and 19 forbidden lines respectively. About 10 more for-
bidden lines were registered in the range A860.0~1040.0 (e.g.,
KACE). A total of 136 forbidden lines are listed in Table 2, out
of which about 60% can be considered as genuinely detected at
least after de-blending.

4.6.1. Heavy elements

Heavy elements were fully discussed in Paper I, in connection
with optical spectra. The far-red range harbours lines of [Kr111],
[Kr v], [Xe111], [Xe 1v], [Se111], [Bri11], [Br1v], [Sr1v], [Pb11].
Following Paper II, more lines are listed in Table 2 but cannot
yet be taken as conclusive evidence for the presence of other
heavy ions/elements (Cs, Te, Y, |, etc.) because of blends, weak-
ness of the lines, wavelength misfit, etc.

A number of far-red lines seems to be best explained as due
to iron-peak elements.

4.6.2. Iron

Allironions present in NGC 7027 and emitting significant lines
in the far-red were found.

Detection of [Fe11] (Johansson 1978) in NGC 7027 was
previously reported by Péquignot & Baluteau (1988). Far-red
[Fe 11] lines are often strong in supernova remnants (e.g., Den-
nefeld 1982). Here a dozen [Fe 11] lines from multiplets 1F, 13F,
14F, and possibly 43F are recorded. Good accuracy is achieved
for several intensities.

[Fe 1v] lines are recorded, particularly [Fe 1v]699.7, which
seems quite broad however and may be blended. There is a rather
good case for the detection of multiplet “G-2I (\ 674.0, 676.1,
673.4), which is not mentionned, e.g., in the compilation by
Fuhr et al. (1988), who “selected all lines of at least moderate
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strength” (see also a comparison to the RR Tel spectrum by
Ekberg & Edlén 1978). The multiplet was apparently neglected
on the basis of the very long lifetime of its upper term. This
“pre-Bowen” point of view is not tenable: at sufficiently low
density, there is no reason why these lines should be weaker than
any forbidden line, especially as their upper statistical weight is
rather large and their branching ratio is unity. We suspect these
lines will in fact be the strongest [Fe 1v] lines in a majority of
nebulae. Ekberg and Edlén correctly stated they are not seen in
RR Tel owing to the high density.

In spite of unfavorable blends, [Fe V] is correctly detected
at A813.7 and possibly A681.9.

Finally [Fe v11] is likely to contribute to A660.1, also men-
tionned by KAF, although the intensity quoted in Table 2 is one
order of magnitude below their detection limit.

4.6.3. Iron-peak elements

Nickel is represented by several [Ni11] lines, including a well
known doublet, and [Ni1i1]789.0 (a second [NiIll] line is
blended with P16), also detected in other types of nebulae (e.g.,
Osterbrock et al. 1990).

On the same isoelectronic sequence as [Ni 111], the homolog
line [Cu1v]694.9 is convincingly detected, the possible contri-
bution of a C111(7-13) line being probably moderate. Again the
next line, [Cu1v]759.1, is blended (Sugar & Musgrove 1990).

Although several [Mn11] lines are noted in Table 2, de-
tection of this ion is not certain due to numerous blends.
[Mn11]676.3 may appear as a very weak extension to a blend
[Fe 1v]+C 111, from which it is in principle separated. In general
[Mn 11] lines seem to be systematically close to — but not coinci-
dent with — observed significant features. Accepting a ~0.2 nm
shift of wavelengths would perhaps allow a larger intensity for
this ion. However the accuracy of predicted wavelengths looks
good (Sugar & Corliss 1985). In fact [Mn 11]685.04 coincides
with astrongline, A684.96, left unidentified by KAF, which s al-
most certainly another manganese line, namely [Mn v1]685.21.
In this case, the 0.25 nm difference in wavelength between ob-
servation and laboratory prediction is indirectly confirmed by
optical [Mn V1] lines (unpublished material). Our wavelength
determination improves on the value compiled by Martin et al.
(1988).

Chromium is represented by several relatively strong lines
from different ions (Martin et al. 1988; Sugar & Corliss 1985),
including [Cr V](1F) 788.4, 758.1, perhaps 671.0, [Cr1v](2F)
691.5, 689.7, perhaps 674.7 (blended) and [CrIVv](1F) 739.1,
and quite possibly [Cr 11]800.0. The identification of chromium
is virtually certain.

Other much more tentative detections are as follows.

Two ions of vanadium can emit in the far-red ([VIV]:
Martin et al. 1988; energy levels of V1iI: Sugar & Corliss
1985). [V 1V](1F) 940.1 may be part of a difficult blend, and
[V1v]912.2 is blended. Line [V 1v](2F) 785.7 is the best indi-
cation for this ion, although it is close to a stronger feature. Other
members of the multiplet include [V 1v]774.1, barely seen, and
[V1v] 761.8, at unfavorable wavelength. Most lines of multi-
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plets [V 111](2F) and (1F) are blended with Paschen and other
lines. One relatively free line is [V 111]845.74, which may ap-
pear as an extension of one of the He 1\6+7/ blends, 0.2 nm apart
from an unidentified line.

Cobalt is represented by multiplet [Co 111](*F-*P) (Fuhr
et al. 1988), of which 3 components are a priori acces-
sible. [Co111]685.36 is not seen between two quite strong
lines separated by 0.6nm, [Co111]696.14 may belong to a
broad, essentially unidentified, feature centred at A695.87, and
[Co111]715.26 is close to a possible unidentified line A715.17.
The first unidentified line is in fact the most noticeable in our
spectrum within 200 nm and the second may be quite strong too,
but the underlying continuum is not accurately defined. Identi-
fication here is hampered by the absence of one of the strong
lines. There is apparently no chance the predicted wavelenghs
may be in error by as much as 0.2 nm (Hansen et al. 1984).

One [Ti111](2F)970.53 may be part of a blend. Other com-
ponents of the multiplet belong to very unfavorable wavelengths
around A950 nm.

4.6.4. A new [S111] line

To our knowledge the quadrupolar electric line [S111] 'D,—
3Po has never been observed before. From the data compiled
by Kaufman & Sugar (1986), we deduce a wavelength A\ =
882.965+0.03 nm for this transition. A then unidentified fea-
ture at A883.0 nm, blended with He 1\9/12, was already noticed
in PaperI (see Fig. 2b and the end of Sect. 7.1 in that paper).
A deeper spectrum provides a wavelength of 882.984-0.03 nm
(Fig. 15 of Paper II), in excellent agreement with the calculated
wavelength. According to PaperI, the HeT line is weak com-
pared to [S1i1]. A dielectronic O1V line is blended too, but
should be rather weak (Paper IV).

4.6.5. [Cl111] wavelengths

Out of the four [Cl111](3F), only one, A848.1 nm, is completely
free from blend with Paschen lines, while A843.4 nm is clearly
visible in the wing of P18 (Fig. 2a of PaperI). Notice that the
electric quadrupolar transition [Cl 111] 2Ds /2—2P1 /2 is predicted
at A854.80 nm from the data of Kaufman & Sugar (1986). Our
observation confirms the energy levels given by these authors
in that the line is barely detectable in the wing of P15 (Fig. 2a
in PaperI), whereas it would be clearly separated using the
older wavelength determination A855.05 nm (e.g., Wiese et al.
1969; Mendoza 1983). Similarly, [C1111]850.00, noted but not
identified by KAF, is responsible for the broadening of P16
(A850.2 nm) which would not be seen using the older wave-
length (A850.2).

4.7. Absorption features

The resonant multiplet K1(1) A\766.5, 769.9 is detected in ab-
sorption against the recombination continuum. Both lines are
blueshifted by (27£10) km s~! with respect to the emission
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lines, suggesting they may be produced in the expanding neu-
tral shell surrounding the H* region. A purely interstellar origin
is not excluded however.

Diffuse interstellar bands are not conspicuous in the far-red
(e.g., Sanner et al. 1978) and are generally not evident in the
present spectra. A noticeable exception is the relatively sharp
and clear feature A661.31.

5. Conclusion

Thanks to its brightness and to the richness of its spectrum,
the planetary nebula NGC 7027 has been a reference object
for more than half a century. The deep spectroscopy and thor-
ought identification performed since the early 40’s ended three
decades ago. The current list of lines detected and identified
in the optical is virtually the same as that of 1955. The last
improvement in the optical dates back to 1963. At that time, pi-
oneering spectrophotometry already provided an account of the
bright lines in the far-red. Next works improved on intensities
of known lines.

Evidently an effort similar to that of the 50’s was called for,
in order to raise the description of nebular spectra up to stan-
dards corresponding to present-day capabilities in astrophysical
spectroscopy and atomic physics.

The far-red range was a priority since the available list of de-
tected and identified far-red lines in NGC 7027 was scarcer than
the list of optical lines available 50 years ago (except for hydro-
gen and helium lines, PaperI), whereas technology has made
no difference between both wavelength ranges for more than a
decade. Due to strong reddening, NGC 7027 was particularly
appropriate to a far-red survey.

The present work aimed at establishing the far-red spectrum
of NGC 7027. The result is a one-order-of-magnitude improve-
ment in the rates of line detection and identification with respect
to even the most recent studies.

At most wavelengths shortward of 900 nm, the limit of de-
tection achieved after reddening correction approaches 10~ of
[O111], the strongest optical line. Owing to atmospheric absorp-
tion and declining sensitivity of the detector, detection is less
effective at longer wavelengths.

Improvement upon the present data is still clearly possible,
just on securing more spectra, particularly longward of 980 nm.
Also the consequences of atmospheric absorption could per-
haps be minimized, using higher spectral resolution and larger
telescopes.

Concerning line identifications, a first quantitative asses-
ment is being prepared (Paper IV) to justify and refine as much
as possible the list of Table 2. It is foreseen that systematic spec-
tral synthesis of the kind initiated by Péquignot et al. (1993) for
nova spectra will become necessary in the future.

In the present form, the far-red spectrum already appears to
be described in a more comprehensive manner than the optical
one. The optical range is now clearly in need for a drastic update.
The strong optical lines left unidentified in available surveys ap-
pear to essentially belong to two categories: (1) forbidden lines
from heavy elements (PaperIl) and (2) permitted lines from
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relatively large nl terms of common elements (preliminary in-
dications are provided in Sect. 4.5). However many more weak
lines are to be expected. Analysis of deep optical spectra is in
progress (Paper V: see captions to figures of Paper II) and should
eventually result in a new homogeneous template spectrum for
planetary nebulae and related objects.

Experimental and theoretical efforts to determine atomic
energy levels, including the large-nl levels of the most common
elements, are needed and possible to raise this branch of atomic
physics to the standards of nebular spectroscopy. For example,
theoretical atomic models could be developped and their results
compared to nebular spectra, in much the same way forbidden
lines were used in the past to check and improve experimental
data. The lack of basic atomic data is pointed out as a major
limitation to future progress in the field of nebulae.
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