-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Birkbeck Institutional Research Online

Birkbeck

= UNIVERSITY OF LONDON

BIROn - Birkbeck Institutional Research Online

Oudmaijer, R.D. and Drew, J.E. and Barlow, M.J. and Crawford, lan and
Proga, D. (1997) Helium absorption and emission towards 1 Ori C. Monthly

Q%[Hces of the Royal Astronomical Society 291 (1), pp. 110-120. ISSN 0035-

Downloaded from: http://eprints.bbk.ac.uk/28546/

Usage Guidelines:

Please refer to usage guidelines at http://eprints.bbk.ac.uk/policies.html or alternatively
contact lib-eprints@bbk.ac.uk.



https://core.ac.uk/display/226495916?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://eprints.bbk.ac.uk/28546/
http://eprints.bbk.ac.uk/policies.html
mailto:lib-eprints@bbk.ac.uk

r997INRAS, 291 ~17.00

Mon. Not. R. Astron. Soc. 291, 110-120 (1997)

Helium absorption and emission towards ®' Ori C

René D. Oudmaijer,1 Janet E. Dlrew,1 M. J. Barlow,2 I. A. Crawford? and D. Proga1

Umperial College of Science, Technology and Medicine, Blackert Laboratory, Prince Consort Road, London SW7 2BZ
2Department of Physics & Astronomy, University College London, Gower Street, London WCIE 6BT

Accepted 1997 June 2. Received 1997 May 28; in original form 1997 March 6

ABSTRACT

The He1 absorption and emission systems towards 0! Ori C, the exciting star of the Orion
Nebula, are investigated. To this end, high-resolution near-infrared long-slit spectra centred on
the He 1 1.083-p.m and Bry lines and an ultra-high-resolution (R ~ 10%) spectrum of the optical
Her 3889-A line have been obtained. These data are supplemented by blue high spectral
resolution echelle observations of ®' Ori C and the other members of the Trapezium. Even at
R ~ 105, the Her absorption profile, associated with foreground gas at a heliocentric velocity
of +3km s™', is very smooth, suggesting a simple broadening mechanism and homogeneity.
The combination of the He 123S column density, deduced from the 3889-A line, with the non-
detection of Bry emission at the same velocities sets an upper limit on the electron density in
this medium of 10’ m™. The Her1 1.083-wm long-slit spectrum shows the familiar back-
ground nebular emission, while a second blueshifted component is visible off-star at the same
velocities as the absorption on-star. Several mechanisms to explain this emission are explored.
We conclude that it is most probably emission formed behind, and leaking through, the
absorbing gas layer. A clue to the origin of this emission is found in its spatial distribution:
unlike the bright background nebular emission, the blueshifted component peaks symme-
trically around the position of 0' Ori C, suggesting a physical association with the star. A
possible model for the blueshifted emission is that it arises in a large-scale, dense shock front,
provoked in some way by the wind of ®' Ori C.

Key words: circumstellar matter — stars: early-type — stars: emission-line, Be — stars:
individual: ®! Ori C - stars: pre-main-sequence — H 11 regions.

1 INTRODUCTION

The Orion nebula, M42, at a distance of about 450 pc, is the nearest
massive star-forming region, and as such is a key target for the study
of the birth of massive stars. Much effort has been spent on
modelling the physical conditions and geometry of this nebula.
The picture that has emerged is that of a highly obscured region,
OMC-1, where star formation is still going on, behind an H 11 region
ionized by the young OB stars of the well-known Trapezium. The
brightest member of the Trapezium, ©' Ori C, is also the dominant
source of ionizing radiation. Gas in the interface between OMC-1
and the H11 region gives rise to the strongest components of nebular
emission in M42. Basic physical parameters of this principal
ionization front have been determined in studies such as that by
Baldwin et al. (1991; see also Baldwin et al. 1996 — and references
in both papers).

However, it has long been known that ionized gas can also be
traced on the near side of M42 in narrow blueshifted absorption
features in the He1 3889-A (2°S — 3°P°) line along the sightlines
toward the Trapezium stars (e.g. Adams 1944). The mean velocity
of the absorption component common to all of them is measured to

be2-3kms~! (heliocentric). This is a blueshift both with respect to
®' Ori C at a radial velocity of 10-15kms™" (Stahl et al. 1996) and
with respect to the main background nebula at ~20km s7!. The
question of the foreground He1 absorption has recently been
revisited by O’Dell et al. (1993). They conducted a high spectral
resolution absorption-line study of these sightlines and proposed
that the 2-3kms™! Her velocity component is produced in a
secondary ionization front on the near side (with respect to the
observer) of the so-called ‘neutral lid’ — a layer of neutral gas,
optically thick in the Lyman continuum, interposed between the
nebula and the diffuse interstellar medium (see Savage & Jenkins
1972; van der Werf & Goss 1989). By contrast, Baldwin et al.
(1991) preferred to locate this component on the far side of the
neutral lid where the ionization would be due to ®' Ori C. No study
has gone beyond a tentative explanation of why it is that the
sightline towards ®'Ori C uniquely reveals a second, higher
velocity, blueshifted He1 3889-A feature at ~ — 30kms™! in
addition to the ubiquitous 2-3kms ™' absorption. The focus in
this paper is again on these blueshifted He1 triplet-line features.
Our contribution is to derive insights from combining data on the
3889-A line and long-slit IR echelle observations at He 1 1.083 pum.
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Our motivation is the quite common appearance of blueshifted
He1 absorption in the spectra of the exciting stars of other young,
but more heavily obscured, H11 regions. For example, Drew, Bunn
& Hoare (1993) reported on blueshifted He1 2.058-m absorption
in the spectrum of S106IR: it has since been detected in the Herbig
Be star MWC 297 (Murdoch & Drew 1994) and also in the southern
BN-type object, IRAS 07173—1733 (Oudmaijer et al., in prepara-
tion). One difference is that the absorption associated with these
H regions is substantially broader, indicating relative velocities of
~100kms™ ormore as compared with just 10—50 km s~! for M42.
Ultimately, given how much more is known about M42, it should be
easier to place the blueshifted He1 absorption and associated
phenomena into a satisfying dynamical context. In so doing, a
clearer picture can be developed of the astrophysics that may
also prove relevant to Her line formation in more obscured Hu
regions where high spectral resolution 3889-A line observations are
infeasible.

Most of our data concern @' Ori C (HR 1895) and its immediate
surroundings. This star is a peculiar, mildly reddened O star (Wal-
born 1981; see also Walborn & Nichols 1994) powering a dense,
high-velocity wind (M = 107 Mg yr™", wv. = 1000kms:
Howarth & Prinja 1989). We have obtained both high- and ultra-
high-resolution echelle spectra at wavelengths spanning the He1
3889-A line towards ®' Ori C, and high-resolution IR data at the
Her 1.083-pm line taken through an east—west long slit crossing
the position of @' Ori C. Both the optical line and the 1.083-pm line
arise from the same excited level (23S) of neutral helium, a fact that
gives considerable leverage in understanding the origin of the latter.
A particular concern that emerges in this is the origin of a weak
emission component off-star in the 1.083-pm line at similar
velocities to the blueshifted 3889-A absorption. This was first
noticed by Vaughan (1968), and further examined by Miinch
(1986). Neither of these authors was able to account for this
phenomenon. We shall show that the options for explaining this
emission are in fact very limited.

This paper is organized as follows. In Section 2 we describe the
observations. The data derived from them are presented in
Sections 3 and 4. In Section 5, the optical and infrared data are
used together to set a constraint on the electron density in the
foreground absorbing gas. This is then used in determining whether
the blueshifted emission may arise in photoionized gas. As this does
not seem to be feasible, we then consider and reject the possibility
of emission due to scattered starlight. It is proposed, instead, that
shock emission leaking through the foreground absorbing layers
may be implicated. The paper ends with a short discussion and
summary.

2 OBSERVATIONS
2.1 The ultra-high-resolution spectrum

A spectrum of the He1 3889-A circumstellar absorption line
towards ®' Ori C was obtained with the Ultra-High-Resolution
Facility (UHRF; Diego et al. 1995) at the 3.9-m Anglo-Australian
Telescope on 1994 December 18. A Tektronix 1024 x 1024 CCD
with 24-pum pixels was used as detector and the total integration
time was 1500 s. Wavelength calibration was with respect to a Th—
Ar arc lamp. The spectral resolution, determined from the FWHM
of a frequency-stabilized He—Ne laser observed on the same night,
was 0.34kms ™} (R = 880000). The UHRF was used in its usual
image-slicer mode. The signal-to-noise ratio achieved in the local
continuum formed by the base of the broad and blended photo-
spheric He1 3889-A and H8 profiles was 25.

© 1997 RAS, MNRAS 291, 110-120
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Table 1. Log of the UCLES observations (1995 December 6).
Object HR Spectral 1% Total SNR
number type exposure
(s)
O'A Ori 1893 07 6.73 400 100
0'B Ori 1894 BOV 7.96 1600 100
©'C Ori 1895 O6var 5.13 120 160
O®'D Ori 1896 BO.5Vp 6.70 320 150

The signal-to-noise ratio (SNR) is measured around 3890 A
The spectral types and V magnitudes are taken from the SIMBAD data base.

2.2 UCLES echelle spectroscopy

During the night of 1995 December 6, ®' Ori C and the other three
members of the Trapezium were observed in service time,
employing the University College London Echelle Spectrograph
(UCLES) mounted on the 3.9-m Anglo-Australian Telescope. The
observational set-up included a 0.9-arcsec slit, the 31 groove mm ™
echelle and the same Tektronix CCD detector as used with the
UHRE. In the spatial direction, the pixels correspond to 0.3 arcsec.
The central wavelength of these observations was 4237 A, resulting
in a spectrum of 33 orders, with a spectral coverage of 3790 to 4875
A. The observations made of each star were co-added. A log of the
observations is provided in Table 1 together with the resulting
signal-to-noise ratio in the 3890-A order.

The data were reduced in the standard way and included the
procedures of bias-subtraction, flat-fielding and wavelength cali-
bration. An observation of a Th—Ar arc lamp was used to provide
the wavelength calibration of each spectrum. The dispersion fit
through more than 400 identified arc lines yielded an rms value of
0.12kms™" using fourth-order polynomials in both the dispersion
and cross-dispersion directions. The resulting spectral resolution
was determined to be ~ 7km s~ from Gaussian fits through the arc
lines.

2.3 Near-infrared data

Two weeks after the UCLES observations, during the night of 1995
December 22, long-slit spectroscopy of ®! Ori C was carried out
with the 3.8-m infrared telescope UKIRT, Hawaii. The CGS4
spectrometer was used, with a cooled 256x256 InSb array as
detector. To oversample the resolution element and to allow
correction for bad pixels, the array was substepped by a third of a
pixel six times over a range of 2 pixel. The slit orientation was in the
east—west direction, with a slit width of 1 pixel. The detector pixel
sizes were 1.5 arcsec along the slit and 1 arcsec in the dispersion
direction (corresponding to ~ 16kms™). Since strong emission is
present close to ®'orC, sky subtraction was performed using a
clear piece of sky, free of nebular emission, that was found
approximately 6 arcmin east of ®' Ori C.

Both the He1 1.083-wm and the Bry 2.166-pm lines were
observed in echelle mode. The total on-source integration times
were 300 and 360 s respectively. The resulting SNR was about 150
in the stellar continuum around 1.083 pwm. In the Bry spectrum, the
achieved SNR is lower than pure Poisson statistics would suggest.
This is because the spectrum was affected by fringing at an
amplitude of order 510 per cent of the continuum that could not
be entirely filtered out. Details of the procedure used to
remove fringes from CGS4/echelle spectra will appear elsewhere
(Oudmaijer et al., in preparation). The removal of the fringes works
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satisfactorily in the continuum, but care must be taken when
interpreting the profiles of strong emission lines. Each spectrum
was corrected for atmospheric absorption and instrumental trans-
mission by dividing it through by a spectrum of a bright comparison
star observed at roughly the same airmass. For the He1 1.083-pm
setting an A star was used for this purpose, while at Bry an For G
star was preferred. The Bry absorption features present in the
standard F—G star spectra were removed by fitting to and dividing
through by Gaussian profiles.

The wavelength calibration of the He1 setting was performed
using the xenon arc spectrum. The spectral resolution as determined
from the FWHM of the arc lines was 22 km s~ . The Bry calibration
was performed using lines of an argon lamp, while the zero-point of
the calibration was determined by shifting the spectrum to the rest
wavelengths of the strong telluric absorption lines at 2.163 50 and
2.168 77 um (vacuumy).

Flux calibration was performed using the FIGARO task IRFLUX.
From the published spectral types and the B and V magnitudes of the
standard stars, effective temperatures and predicted J magnitudes
were derived using the tables of Straizys & Kuriliene (1981) and
Koornneef (1983) respectively. IRFLUX then uses the temperature of
the standard star to estimate its flux at the observed wavelength. The
uncertainty introduced by this procedure, compared with using
spectrophotometric standards, is of no significance, because the
dominant uncertainty in the continuum flux is due to slit losses.

The resulting continuum flux densities of ®'Ori C using
four different standards are consistent with a peak-to-peak
variation of only 5 per cent around the mean. We adopt
continuum flux values of Fjgg3 = 7.5x 107! Wm™ um™' and
Frle=7x% 1072 wm™ pdmkl. These values are in good
agreement with published broad-band photometry.

The colour excess E(B — V) and the ratio of total to selective
reddening, R, towards ®' Ori C were determined by Cardelli,
Clayton & Mathis (1989) to be 0.34 and 5.5 respectively. The
high value of R indicates a total extinction at the V band of
Ay = 1.87. Hence the interstellar extinction at 1.083 pm is not
negligible. From interpolating the broad-band data of Rieke &
Lebofsky (1985) we find that an upward correction of 87 per cent at
1.08 wm and of 21 per cent at K of the observed fluxes is necessary.
Calculated using the laws of Cardelli et al. (1989), these corrections
would instead be 116 and 26 per cent. Unless specifically stated, we
will use the undereddened, observed fluxes.

Finally, all radial velocities cited in this paper are in the helio-
centric velocity frame. To convert them to the Local Standard of
Rest, 18 km s~! should be subtracted.

3 THE OPTICAL PERSPECTIVE

3.1 He13889A as observed toward ®! Ori C at ultra-high
resolution

Fig. 1 shows the UHRF spectrum of the He 1 3889-A line of ©' Ori
C (solid line) with the UCLES spectrum overlaid on it (dotted line).
The spectra match well, with the UHRF spectrum just missing the
blue wing of the bluer component. The total lack of observable
substructure in this ultra-high-resolution spectrum is particularly
telling — we can rule out profile substructure on scales at least as fine
as 1kms™".

The FWHM of the blue and red velocity components as
measured from the UHRF data are 21 and 14kms™ respectively.
Since the thermal broadening of a spectral line can be expressed as
FWHM = 214 % \/t,/M km s}, with 14 the temperature in 10K,

normalized flux
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—100 -50 0 50 100
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Figure 1. Continuum-normalized spectra around He1 3889 A obtained with
UHREF (solid line) and UCLES (dotted line). The UHRF spectrum has been
boxcar-smoothed over 3 pixel. The ‘continuum’ upon which these features
are superimposed is the very much broader blend of He1 3889-A and H8
photospheric lines (e.g. see the lower resolution data shown by Baldwin et al.
1991).

and M the atomic weight, one obtains an expected intrinsic broad-
ening of 10.1kms™! fora typical electron temperature in the Orion
nebula of 9000 K (e.g. Peimbert 1967; Baldwin et al. 1991). In order
to reproduce the observed broadening, one needs temperatures of
40000 and 17000K, which are too high to be attributed to
photoionization heating only. Alternatively, if the gas temperature
is fixed at 9000K, additional turbulent broadening of 18 and
9.8kms ! respectively is demanded by the data. Whilst the red
component has an implied turbulent velocity comparable with the
figure of 8.6kms™! found in the [Onr] lines by Castafieda (1988)
for the Hu region as a whole, the turbulent width of the blue
component clearly is much greater. In any case, an open mind
should be retained as to whether this component in particular is
fairly represented by a single Gaussian.

3.2 He13889A as observed toward all Trapezium stars

In Fig. 2, UCLES spectra of the interstellar He1 3889-A line in the
spectra of all Trapezium stars are shown. The component at
3.5kms™" is present in the spectra of all the stars, suggesting that
it may arise in a sheet of gas covering the entire Trapezium system.

In the spectra of ©'Ori B and ©'Ori A, nebular He 1 3889-A and
H8 emission (respectively the blue and red emission components) is
readily seen. Since ®! Ori C is much brighter than these stars, the
nebular emission is relatively much fainter. We inspected the two-
dimensional spectrum of ®' Ori C and found weak He1 and H8
emission at a level 0.5 per cent times that of the continuum. Their
radial velocities were respectively 22 and 23km s™! with an
estimated uncertainty of 5kms ™. These values are in satisfactory
agreement with those of O’Dell et al. (1993), who find values of 16—
20km s, The velocities of the nebular H5, Hy and HB emission
lines, measured from the UCLES spectrum of ®! Ori C, are all
20kms™'.

© 1997 RAS, MNRAS 291, 110-120
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Figure 2. The non-stellar He1 3889-A line in the Trapezium star spectra.
Note the 3.5kms™! absorption component which is present in all spectra.
All spectra are continuum normalized, and plotted with arbitrary offsets for
clarity.

3.3 Column densities and optical depth

The equivalent widths and central velocities of the Hel absorp-
tion components in the Trapezium stars were determined from
the UCLES spectra and are set out in Table 2. For comparison,
the measurements of the UHRF data on ®' Ori C are shown as
well.

Absorption and emission towards @' Ori C 113

In the case of @' Ori C a three-Gaussian fit through the spectrum
gives the better fit to the total profile despite the fact that only two
components are clearly visible in the spectrum (O’Dell et al. 1993
found this also). One may detect in Fig. 2 a very weak, higher
velocity absorption component centred on a velocity of about
—60kms ™! in the spectrum of ©®' Ori C. Measurements of this
feature, which contributes negligibly to the summed equivalent
width (and has been left out of the sum), are included in the table
with the three-component fit data and labelled as component 4.

The fifth column in Table 2 gives the column densities of helium
atoms in the 23S state, derived using the velocity broadening
(b = 0.6x the FWHM of the line) and relevant atomic data for the
transition (taken from Wiese, Smith & Glennon 1966). These
calculations were performed using a curve-of-growth tool incorpo-
rated in the Starlink program package DIPSO.

To facilitate comparison with the earlier measurements by
O’Dell et al. (1993, 3kms™" resolution) and Baldwin et al.
(1991, 34km s resolution), these have been reproduced in
Table 2, next to ours. The agreement in central velocities and
equivalent widths is generally very good, but there are differences.
First, the equivalent width of the 22 km s~ velocity component in
©! Ori D is measured to be twice as strong in our data as in O’Dell et
al’s data. Indeed, the spectra themselves suggest this difference.
Since this feature is affected by the nebular He1 emission, it is
possible that the larger slit used by O’Dell et al. (2.2 arcsec,
compared with our 0.9 arcsec) resulted in a stronger emission
component in the extracted spectrum, thereby veiling some of the
absorption line. Secondly, there is a discrepancy in the equivalent
width of the absorption line of ©' Ori B, with our value being much
smaller. This may have to do with the manner in which the lines
were measured. Since @' Ori B is the faintest of the Trapezium
stars, the He 1 3889-A absorption is most affected by the neighbour-
ing nebular emission. We decided only to measure the EW up to the

Table 2. Equivalent widths and derived column densities from the He 1 3889-A line towards @' Ori C. Errors on the equivalent width are of order 5 per cent or less.

Our data
Vho! FWHM EW N Vhel
kms™") Gms™) @A)  10"m®  &kms™)
®' OriA:
1 2.65 14.3 131.5 2.03 2.4
®! OriB:
1 0.85 15.8 119.6 177 13
®'onc:
UHRF 2-component fit
1 3.82 14.48 145.0 25
2 -26.29 20.82 579 0.89
total 34
UCLES 3-component fit
1 -29.34 16.6 61.6 0.79 -30.1
2 -9.94 225 333 0.40 -12.6
3 3.54 14.4 128.9 1.98 2.6
4 -60 10 1.7 (0.02)
total 220.2 32
®'oriD:
1 3.36 13.9 123.6 1.90 2.0
2 22.06 17.0 154.8 241 21.0
total 278.4 43

O’Dell et al. (1993) Baldwin et al. (1991)

FWHM EW N EW N
(km s™1) (mA) (10"m™2) (mA) 10"m™%)
14.6 1426 1.62
17.0 178.9 2.06
165 59.6 0.483
20.8 37.6 0.301
13.7 130.9 1.450
228.1 2.23 271 (% 41) 8
134 1274 1.280
144 84.3 0.787
211.7 2.07
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Offset (arcsec)

velocity (km/s)

Figure 3. Contour plot of the UKIRT long-slit observations of He 1 1.083 wm towards @ !C Ori. The slit orientation was east—west. In the figure up is negative in
RA, and thus west. The contour levels are 0.25, 0.5, 0.75, 1,1.25,1.5,2,2.5, 3and 4x 10~ ! Wm™2 pm™ pixel ™. The extracted pixel area projected on to the

sky is 0.5 arcsec?.

continuum level, whereas O’Dell et al. have used a deblending
program to separate the emission from the absorption, possibly
increasing the EW of the line.

With respect to the column densities determined by O’Dell et al.
(1993), there are also some discrepancies. It is not clear from their
paper how O’Dell et al. derived the column densities. For example,
while we might surmise that the lower column attributed by them to
the +2.6kms ™" component in ®' Ori C is because they took it to lie
on the linear part of the curve of growth, we cannot then understand
why their ratio between this column and that for the —12.6kms™"
component is the same as ours. In contrast, the fact that the Baldwin et
al. (1991) column density is much larger than ours can be understood
and can be reproduced. Since their spectral resolution was too coarse
to provide a direct measurement of the line width, they adopted the
turbulent velocity of 8kms™ proposed by Castafieda (1988), and
used this together with their larger but less accurate equivalent width
measurement. The effect of this was to treat the absorption as more
saturated than higher resolution data reveal it to be.

4 THE NEAR-INFRARED PERSPECTIVE

As the Her 1.083-pm emission appears in our long-slit data as
spatially extended on the sky to either side of ®' Ori C, we first
discuss the two-dimensional spectrum, and then go on to a descrip-
tion of the extracted spectrum of ®'! Ori C itself.

4.1 The long-slit He 1 1.083-p.m spectrum
Fig. 3 shows the long-slit spectrum of ®! Ori C around 1.083 pm.

The strong nebular emission in the line, first discussed by Boyce &
Ford (1966), is clearly visible at vy = 35kms™". This velocity is
in excellent agreement with the higher resolution measurements of
Miinch (1986, 4kms™! resolution) and the results of Vaughan
(1968). The origin of this emission is presumably in the principal
ionization front located, in the main, behind the Trapezium. It
should be noted that the reason for the velocity difference of
~15kms™" between this line and the H1 and optical He1 nebular
emission, all centred at v = 20kms™! (Section 3.2; O’Dell et al.
1993), is not well understood. We return to this later.

A weaker emissive component is also present in Fig. 3, displaced
about 50kms~! blueward of the main 1.083-pm emission. This
component peaks at a velocity of = —18 km s~ a few arcsec west of
©'Ori C. As it fades with increasing offset from the star, the
emission peak shifts to slightly less negative velocities, but never
less than —10kms™'. It might be suspected that this emission
should be identified with the 2°P°j = 0— 23Sj =1 1.0829-pm
minor component of the triplet transition, the strong emission at
+35kms™! being due to decay from the nearly degenerate
2°P°j =1, 2 sublevels. The primary argument against this is that
the velocity separation of ~50kms™! is too large — it should be
34kms™'. Miinch (1986) tried to overcome this problem by
proposing that the stronger component is redshifted due to resonant
scattering of the photons by a moving medium. His model calcula-
tions were not able to reproduce the spectra, however. It failed in
particular in preventing the fainter 1.0829-pm component from
being redshifted as well. Another possible means of line scattering,
by moving dust particles, is ruled out because other nebular
emission lines do not show a line split (e.g. HB in Fig. 7, later).

© 1997 RAS, MNRAS 291, 110-120
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Figure 4. Upper panel: a cross-cut along the slit centred at 35 km s™! on the

strong background nebular 1.083-pm emission line (dashed line) and a
cross-cut tracing the fainter blueshifted foreground emission at —18 km 57!
(solid line). Both lines are averaged over three velocity channels. The pixel
area is 0.5 arcsec’. Lower panel: the cut across the blueshifted emission is
shown on an expanded scale. To mark the position of 0! Ori C a cross-cut
through the stellar continuum is shown as a dotted line. The dashed line is the
result of reflecting the solid line about the stellar position.

It seems more natural to associate the faint emission with the
blueshifted absorption in the same wavelength range seen on-star —
this absorption is unquestionably the same distinct foreground
velocity component as is traced by the 3889-A line absorption.
Until we return to this issue in the next section, our working
hypothesis is that this weak emission component arises from the
near side of M42.

An illustration of the spatial behaviour of both He1 1.083-pm
emission components is provided in Fig. 4. The upper panel shows a
cross-cut in the spatial direction taken at 35kms™', along the
central velocity of the background nebular 1.083-pm emission.
From east to west, there is a roughly steady decline in flux. Such a
trend fits in with the general trend that has been noted before for
other emission lines (e.g. see Baldwin et al. 1991). This may be
contrasted with the spatial dependence of the weaker blueshifted
emission component at —18 km s~ that is shown in the lower panel
of Fig. 4: it is centred at the star (whose position is indicated by the
dotted line, a cross-cut taken through the stellar continuum), and
appears symumetric around the star. To emphasize this point, the
dashed line drawn in the lower panel is the cross-cut reflected about
the position of 0! Ori C. The symmetry around the position of the
star suggests that the blueshifted emission is in some manner
associated with the star rather than with the background nebular
radiation.

4.2 The stellar He1 1.083-pum spectrum

In Fig. 5 the extraction of a single row of the stellar spectrum at
1.083 pm is overplotted on the optical He1 3889-A absorption. The
1.083-um absorption is deeper, dropping to 25 per cent of the
continuum level, and covers a larger velocity range, with the absorp-
tion extending to blueshifted velocities of —90kms™'. On the red
side, both the 3889-A and 1 .083-pm absorptions setin at =18 km s
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Figure 5. The Her 3889-A profile (dashed line) from the UCLES spectrum
and the UKIRT Her 1.083-um on-star profile (solid line). The latter
spectrum is extracted from a single 1.5-arcsec pixel row and not corrected
for nebular emission.

Asthe 3889 A and 1.083-pm absorption lines arise from the same
lower state (2°S), the optical depth in the 1.083-pm line can be
calculated by multiplying the optical depth of the 3889-A line by
the ratio of their respective wavelengths and oscillator strengths.
This scaling is such that 7(1.083 pm) = 23.37(3889;\) for oscillator
strengths of 0.539 and 0.0645 for the 1.083-pwm and 3889-A lines
respectively. From the observed depth of the 3889-A line, and the
derived column densities, we find that the optical depth at the centre
of the strongest component of the Hei 3889-A line is about 1,
implying a maximum 7(1.083 pwm) of ==23. This large optical depth
would suggest that the blueshifted absorption in the line of sight
towards ©' Ori C should drop to zero flux after nebular subtraction.

Using the velocity parameters and column densities in Table 2
derived from the three-component fit to the 3889-A line, we have
synthesized the expected blueshifted 1.083-pm absorption profile
(taking proper account of all components of the triplet). Routines
within the Starlink package pIPsO were used to do this. The
synthetic profile, after smoothing to the instrumental resolution,
is plotted in Fig. 6 and compared with a nebular-subtracted profile.
The agreement is adequate. The fact that it is not perfect can be
attributed to fine-scale irregularities in the extended emission that,
in this case, result in its undersubtraction.

5 THE NATURE OF THE HELIUM
ABSORPTION AND EMISSION

It is well established that the nebular emission lines at
v=20kms™ originate in the ionization front located behind the
Trapezium and that the velocity component at ~3km slis present
in absorption in the sight lines towards all its member stars (e.g.
O’Dell et al. 1993; see also Fig. 2). The natural interpretation of the
ubiquitous absorption is that a single sheet of gas moving at a mean
speed of ~3kms ™' covers the entire region. The smooth appear-
ance of the absorption towards ®! Ori C, even at a resolving
power of 880000, suggests that, in this location at least, the
geometric covering factor can plausibly be approximated to unity.
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Figure 6. Synthetic spectrum of the He1 1.083-pm triplet calculated using
the data listed in Table 2. The total spectrum is shown smoothed to the
instrumental resolution of CGS4 (solid). In addition, the simple extraction
(dotted) and a spectrum corrected for nebular emission (dashed) are shown.
The latter was calculated by subtracting one pixel row of background 3
arcsec west from the central pixel row containing the spectrum of @' Ori C.
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Furthermore, we have shown in the previous section that the line-of-
sight optical depth at He 1 1.083 pm peaks at around 23 — the run of
optical depth across the line is sufficient to absorb and scatter
almost all background emission in the velocity interval from —40 to
+15kms™!. Significantly, as will become apparent, there is an
optical depth minimum of 7 ~ 3 at v = —15kms™".

Since the emission seen off-star at the same wavelengths as the
blueshifted absorption can be shown to be optically thick, care has
to be taken in deducing the process responsible for the observed
emission. Can it be accounted for, straightforwardly, in terms of
photoionized nebular emission? Or could the emission be starlight
resonantly scattering its way through the absorbing sheet? This idea
has some appeal in that it would explain why the surface brightness
falls off along the slit away from @' Ori C. Or must we appeal to
emission by shock-heated gas, or even a leakage of 1.0829-pm
emission arising in the background nebula through the foreground
sheet? We consider these possibilities in turn, beginning in the next
section with an examination of the nebular emission hypothesis.

5.1 A limit on the electron density from Bry

Before a calculation can be made of the emission to be expected in
the case of a conventional photoionized (~10000K) nebula, it is
necessary to make an assessment of the prevailing electron density.
We can place an upper limit on this quantity for the foreground
clouds by first predicting the Bry flux at the velocities of the
blueshifted He1 3889-A absorption lines, and then comparing it
with the results of our Bry observation. The details of this procedure
and the results obtained are given in Appendix A.

The off-star Bry spectrum is shown in Fig. 7. The strong nebular
component at 25 = Skm s7! is readily visible, but there appears a
blueshifted emission feature at —50kms~' rather than at the
expected —18kms~. It seems unlikely, however, that this weak
emission feature is associated with the Bry line itself since we do

1.5x10-12

l T T 1 1T | ]

10—12

T

5x10-13

| N | , | T | ' JE| i I N

T 1T 17T |' L

|

6><10—14

Bry Flux (Wm™2um-!pixel-1)

4x10-14

‘ T T ‘ LI I T T T

2x10-14

Figure 7. Upper panel: overplot of nebular Bry (thick, solid line) and HB
emission (dashed line). The HB emission has been scaled to match the Bry
emission and the Bry line has been shifted —5kms™! to match the peaks.
The flux level has been corrected for interstellar reddening (Section 2).
Lower panel: same as above, but with the vertical scale expanded. The
feature at —50kms ™! is not present in HB.

not detect an analogous feature on the short-wavelength side of the
Hp nebular profile, observed 16d earlier (see Fig. 7). Lacking a
satisfactory alternate identification for it, we suspect the feature is a
‘ghost’ of the main Bry emission due to the interference that is also
responsible for the fringing affecting this wavelength setting.
Comparisons with data on other strong emission-line objects,
observed during the same night at the same wavelength, indicate
that a similar velocity component is present in those spectra as well.

We must settle, therefore, for an upper limit on the blueshifted
Bry emission and hence on the electron density. The rms noise in
the Bry spectrum is = 4 X 107 wWm™2 pm ™! pixel . If the com-
ponent had a total width of nine velocity channels (as does the He1
1.083-pm line emission), and a constant flux matching the 20 level,
its integrated flux would be 1.3x107¥Wm™ pixel_1 or
2.6x 107" Wm™ arcsec ™2 (the ‘pixel” in this case is the extraction
pixel of 0.33 x 1.5 arcsec?). A higher upper limit on the undetected
Bry flux could be allowed if this component were broader than the
He1 1.083-pm line, as might be the case if thermal broadening
dominates the line width (see Section 3.1). The upper limit on the
observed blueshifted Bry surface brightness is thus ~2.5 x 10718
W m™? arcsec™2. After dereddening, this is comparable with the
surface brightness deduced in Appendix A for a density of 101 m™3
(5x 1078 Wm™? arcsec?). The electron density could, in fact, be
well below this limit since one of the assumptions in our chain of
reasoning is that the HiI region extends no further than the Henr
region, which may not be the case. A relevant comparison is that the
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Table 3. The He 1 1.083-pm C/R ratio as a function
of electron density and temperature, calculated
according to the prescription of Clegg (1987).

nm> 10° 10" 10"

T (K)
10 000 2.0 6.2 7.8
20 000 4.9 12.9 14.2

electron density quoted as typical of the background nebula by
Baldwin et al. (1991) is in fact 10'® m™, the same as our upper
limit. A deeper observation of the Bry line than presently available
is desirable.

5.2 A limit on the contribution to the blueshifted He 1
1.083-pm emission from photoionized gas

Armed with an upper limit on the electron density, we can now set
an upper limit on the emission that could arise from collisional
excitation and recombination in the foreground cloud. If this region
is heated just by photoionization, a kinetic temperature within a
thousand degrees or so of 10* K is likely.

Before embarking on this, it is important to realize that the
visibility of photons created internally by collisions or recombina-
tions is not in fact limited by the non-negligible optical depth of the
medium. This is because the destruction probability of He1 1.083-
jum photons formed in, or travelling into, the medium is very small.
In other words, the medium is effectively optically thin (see
Appendix B).

Let us now determine the surface brightness generated by
recombination into and collisional excitation of the Her1 1.083-
pm line. For an electron density of 10" m™3 and T = 10°K, we
have Nyg/Nyer = 4.3 % 1078 (from equation A1). The column in
He™ is thus about 7.0 x 102 m™2, for Nyg = 3 x 10" m~2 . This
can be turned info a recombination line yield and corrected to
account for collisions by multiplying by the factor (C/R + 1). C/R is
the ratio between the confributions of collisional excitation from
23S and He™ recombination to the population of the 2°P° upper
level. Following the prescription of Clegg (1987) we obtain the
results set out in Table 3. From this it can be seen that C/R is ~7 for
n = 10 m™3 at 10 000 K. The surface brightness in the He 1 1.083-
pom line contributed by recombination alone in these conditions can
be calculated using the emissivities tabulated in Osterbrock (1989)
—itis 22x 1077 Wm™? arcsec™%. On multiplying by (C/R + 1)
this converts to a total upper limit on the surface brightness of
1.8x 107 Wm 2 arcsec™. If we had chosen a temperature of
20000 K, this figure would roughly double, mainly in response to
the increase in C/R.

The observed surface brightness just off-star is
8x 107 Wm 2arcsec™.  Since this is actually 1.5%x
10" Wm2 arcsec™  after dereddening, the flux that
is ‘predicted’ for T = 10000K and n, = 101°m~2 is only of
order 10-20 per cent of the observed flux. Furthermore, if one
considers that the electron density could well be significantly lower
than that adopted in this calculation, it is clear that the observed
blueshifted emission cannot be attributed straightforwardly to
photoionized gas presenting the column deduced from the observed
3889-A absorption.
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Figure 8. The optical depth in the 1.083-pm line (dashed), based on 73849
which was calculated from the depression of the continuum of the 3889-A
line. To obtain 71 gg3, this is multiplied by 23 (see text). The solid line is the
He1 1.083-pm off-star emission on an arbitrary scale. It is apparent that the
maximum of the emission is present at the velocities where the minimum
optical depth occurs.

5.3 Evidence for the blueshifted He1 1.083-pm line emission
as light leaking through the foreground sheet

If the same jonized column as is responsible for the observed
blueshifted 3889-A absorption cannot be the source of the off-star
emission at the same velocity, the only likely alternative is that the
emission arises from another body of gas lying behind the optically
identified absorbing sheet. Evidence that points in this direction is
shown in Fig. 8. In it the velocity profile of the off-star emission as
observed close to the star is superposed on the run of optical depth
with velocity, deducible directly from the 3889-A absorption
profile. It is striking that the off-star emission ‘seeps through’ at
just those velocities where the optical depth reaches a minimum.
The same impression can be gained from the results of Miinch’s
(1986) higher spectral resolution (R = 75 000) observations of the
He11.083-pm line obtained through a circular aperture at a number
of pointings within the nebula. Miinch’s data eliminate the possi-
bility that our detected off-star emission might be an unresolved
blend of two weak emission features centred at the same velocities
as the prominent absorption components in the 3889-A line.

If the emission arises in some region behind the absorbing sheet,
the first possibility to consider is that it may simply be the
illuminating starlight that resonantly scatters its way through the
sheet (remembering that the destruction probability, €, associated
with the He 1 1.083-pm line is probably very small, see Appendix
B). This idea can be shown to be unworkable on basic energetic
grounds. We find that the total flux entering the long-slit spectrum
over 51 pixelsis ~1.7 X 107" W m™2. Of course the total flux of the
line emission is very likely to be much larger, as we only observe a
strip on the sky of width 1 arcsec. If the emission is circularly
symmetric, the total line flux is around 50 times larger, or
~8x 10" Wm™, On dividing this number by the observed
continuum flux from the star (7.5 x 107! Wm™2 pm ™), one may
arrive at the continuum bandwidth needed to match the integrated
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off-star flux. We find this to be ~3000kms™", a width that is far in
excess of the observed line width. The situation is in fact worse than
this because the resonantly scattered light emerging from the near
side of the sheet can, in any case, only be of order 1/7 the brightness
of that which was incident on the far side (see Mihalas 1978).

A further possibility to consider is that there may be a shock-
excited source of He 1 1.083-pwm emission. This has the attraction of
providing a ready explanation for the apparent centring of emission
along the slit on ©' Ori C as illustrated in Fig. 4. Although the
spatial coverage around ©' Ori C is limited to ~15 arcsec east and
~435 arcsec west, the figure indicates a symmetrical distribution of
the blueshifted emission centred on the star, while the background
nebular emission component shows a shallow steady gradient. The
impression given is that the two components are uncorrelated. The
spatial symmetry with respect to ©' Ori C, and the lack of corre-
lation with the background nebula, leaves as the most viable option
a connection with the star itself as energy source.

As do all O stars of similar spectral type, ®' Ori C powers a high-
momentum wind. Recent Hubble Space Telescope images of the
region around the Trapezium demonstrate very graphically the
dynamical impact of this wind on condensations within its grasp
(Johnstone et al. 1996). A possibility to consider, therefore, is that
the extended blueshifted emission betrays a faint but widespread
shock front, arising from snow-ploughing of the fast wind from
®' Ori C into the circumstellar medium.

Given the metastable character of the Her 2°S state, we can
expect that the blueshifted He1 1.083-pm emission must have its
counterpart in absorption along the line of sight towards @' Ori C.
This is not a problem as long as its contribution to the total
absorbing column is modest so that we might still observe the
effect of the emission ‘leaking through’ the overlying Her 238
column. For example, it would have little impact on our earlier
calculation of the photoionized emission from the foreground
absorber (Section 5.2) if around 10 per cent of the total column
were linked to the blueshifted emission. Can such a small column of
gas produce as much Her1 1.083-pm emission as is required of it
here? Based on considerations such as those rehearsed in
Section 5.2, a substantially increased gas temperature alone could
not suffice — an electron density of 10" m™ or more is probably
required as well (a figure to be compared with our upper limit on the
foreground absorber electron density of ~10' m~?),

In principle, a test of this concept would be to look for evidence
of emission at similar velocities and locations to those giving rise to
the blueshifted emission in other more easily analysed spectral
lines. In the case of Bry this is hampered by the apparent presence of
a ‘ghost’ in the line profile. Preliminary attempts to predict the Bry
line profile from the He1 1.083-pm profile using simple nebular
theory may indicate that the observed Bry emission at the relevant
velocities is too small, but given the free parameters at our disposal,
and the uncertainty in the observation, we can not be confident of
this as yet. Other emission lines such as, for example, the much-
exploited density-sensitive [S1] lines at 6716 and 6731 A are
unfortunately unlikely to be useful in this case because of the
relatively high density anticipated for the emitting gas. Better
alternatives might be found in the spectra of doubly or triply ionized
iron.

5.4 On the possibility of leaking background nebular emission

If there is significant 1.0829-pm emission from the background
nebula, can it be leaking through the opaque foreground sheet? If, as
seems plausible, the background nebula is optically thick in the He1

1.083-pm line, the flux ratio between the 1.0829- and 1.0830-pm
components need not be as extreme as the optically thin value of
1:8. This uncertainty in the flux ratio, together with the impossi-
bility of reconstructing from the data the blueshifted emission
incident on the far side of the foreground absorbing sheet, makes
a quantitative assessment of this idea unfeasible. Indeed, there are
similar difficulties in reconstructing the background 1.0830-pum
emission. The anomalously high mean velocity of this component
(~+35kms~", as opposed to ~+20kms™" for other transitions)
could, in part, be due to the high opacity of the foreground sheet
eating into its blue wing (see Fig. 6 — but note that the synthetic
absorption profile in this case has already been smoothed with the
instrumental profile). Furthermore, we have no information that
would allow us to determine if absorption due to intervening
material behind ®' Ori C is a significant factor. The example of
the 22kms ™ absorption component in the spectrum of @' 0r D
(Fig. 2) which may originate between @' Ori C and the background
nebula (as suggested by O’Dell et al. 1993) illustrates that this could
well be an issue.

‘We conclude that this model for the blueshifted emission cannot
be ruled out but that it remains unsatisfactory in that it does not
simply explain why the blueshifted emission should depart from the
trend apparent in the stronger redshifted component and decline
away from the position of ®' Ori C.

6 CONCLUSIONS

We have investigated the neutral helium absorption and emission
system towards the exciting star of the Trapezium, ©' Ori C. Our
conclusions can be summarized as follows.

(i) The He1 3889-A blueshifted absorption system traces the
same material as the He1 1.083-pum absorption. Even at a spectral
resolution of almost one million, the 3889-A absorption profile is
very smooth, suggesting a simple broadening mechanism and
homogeneity. The combination of the He 1 column density deduced
from the 3889-A line with the non-detection of Bry emission at the
same velocities sets an upper limit on the electron density in this
medium of 10'® m™3,

(ii)) The blueshifted Her 1.083-pm emission component
detected off-star at the same velocities as the on-star absorption is
most plausibly explained as emission leaking through the layer of
gas responsible for most, if not all, of the absorption. The spatial
distribution of the emissjon hints at a physical connection with
®'Ori C and does not follow that of the brighter emission
component associated with the background nebula. This
encourages us to surmise that the blueshifted emission arises in a
large-scale shock front, provoked in some way by the wind of
@' oriC.

We briefly return to the significance of the absorbing gas traced
so clearly by the 3889-A blueshifted absorption profile. Because we
have had to argue that the gas emitting at the same velocities in the
Her 1.083-pm line is probably behind this foreground entity, the
existence of the emission does not help at all in understanding the
dynamical origin of the absorption. It remains an intriguing fact that
there are apparently three velocity components involved along the
sight line to ®! Ori C (at ~0, —30 and, now, —60kms™! in round
numbers) and that only the most redshifted of them is of sufficient
lateral extent to be seen in the sight lines towards the other
Trapezium stars. For this component, we now have an upper limit
on the electron density that allows us to estimate a minimum
physical depth of around 4 x 10" m or ~200 au.
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We end with the note that our study suggests that the Her
1.083-pm line may, on occasion, sensitively probe subtle dynami-
cal effects involving modest columns of gas denser than those
traced by the commonly exploited optical forbidden lines (e.g. the
[O ] and [S 1] lines that are density sensitive up to n, ~ 101 m).
Since He1 1.083 pum is not a forbidden transition, and yet is readily
collisionally excited, its emissivity continues to increase as the
square of the electron density above n, ~ 10'°m™, without a
strong dependence on temperature at temperatures typical of
ionized nebulae.
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APPENDIX A: ESTIMATION OF THE
ELECTRON DENSITY FROM THE Brvy
SURFACE BRIGHTNESS

The column density of the 23S level, Nyg, which was derived
from the Her 3889-A absorption-line measurements, can be
transformed into a column density of He', Ny, using the
relation presented by Peimbert, Luridiana & Torres-Peimbert
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(1995; see also Clegg 1987):

Nps _ 5.62x107°¢ "
Nyger 1431301951

=g, D), (AD)

with ¢, the electron temperature in 10* K and n, the electron density
in cm™3.

Since the size of the region where helium is fully ionized is
smaller than or equal to that of the Hi region, we can use this
relation to derive a minimum value for the Ny+ column density. In
turn, this quantity can be used in Case B recombination theory to
‘predict’ the (minimum) optically thin Bry flux. As it has been
shown that most H1 recombination lines emitted by the much
brighter background nebula are optically thin (Baldwin et al.
1991), it is a safe assumption that any foreground emission will
be optically thin also. We can therefore write the Bry line surface
brightness as

1 off AC

Jory = 7= Ni-necir, 5~ v m2sr, (A2)

where Ny+ is the column density of ionized hydrogen and af;f,fy the
effective recombination coefficient. If the abundance of
helium with respect to hydrogen by number is 0.088 (Baldwin et
al. 1991), we have a lower limit on the column density of ionized
hydrogen of
o= s 1
g(n., T7)0.088

On combining this with the expression for the line surface bright-
ness, we obtain

(A3)

N23S off hC
g, ) ¥B N

where the product Ofernfy h—)f is an emissivity that may be calculated in

Case B using the routine of Storey & Hummer (1995). At a
temperature of 9000 K, this product is 3.84 x 1079 wm® (dropping
t0 1.86 x 107 W m® at 17 000 K). Over the density range 10°~10"
m™, its value changes only in the last decimal place.

The surface brightness in Bry calculated according to equation
(A4) is only weakly sensitive to the adopted temperature in the
domain of interest (7' = 10* K). For example, doubling the assumed
temperature causes the derived surface brightness to change by no
more than a few per cent. The primary dependence of the expression
as a whole is indeed on the assumed electron density. The (mini-
mum) Bry surface brightness (in units of N;; Wm™ 2 arcsec ™2,
where N is the neutral helium 2°$ column density in 107 m™%)is
0.55x 107", 1.7x 107", and 13x 107*® at electron densities of
10°, 10'° and 10" m~? respectively.

From the Her 3889-A absorption we determined the 23S
column density to be ~3x 107 m™2. The expected unreddened
surface brightness is thus about 5x10™"* Wm™2arcsec™? for
n, = 10" m™>. The approximate correction for reddening is to
halve this figure (see Section 2.3). In principle, a comparison can
now be made with the observed blueshifted Bry emission.

Joey = 0.904 (Ad)

APPENDIX B: ON THE EFFECTIVE OPTICAL
DEPTH OF THE FOREGROUND SHEET TO THE
Her11.083-um LINE

The destruction probability e for an equivalent two-level atom may
be expressed as

. Cy
Co1 + Ay (1 — ePAT)-1”

(BD)
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where A,, is the Einstein emission coefficient (1.022 x 10 s
for the Her 1.083-pm transition), and C,; is the collisional
de-excitation rate (= n, g1, with g5 = 0.247m™3s™! at 10*K).
This quantity is the fraction of helium atoms in the 2°P° state that
are collisionally de-excited to the 23S level (transitions via other
levels are ignored in this approximation). For an electron density of
~10" m~3, the destruction probability is only of order 107'°. The
product er, where 7 is the optical depth in the line, can then be
thought of as the probability that a line photon will be destroyed
during its passage through the medium. Since 7 is never greater than

~23 at any wavelength in the profile, this product is very small,
suggesting that the medium may be regarded as effectively optically
thin. This carries the sense that practically all photons created
within it will scatter their way out. Furthermore, as long as the
medium is reasonably uniform, with photon creation efficiency and
opacity being similar functions of position, the far face and the near
face of the medium will be equally bright.

This paper has been typeset from a TEX/L“‘TEX file prepared by the author.
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