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Abstract. Spectroscopic observations using the Infrared Spdaeen examined where the [Fe ll] gas is excited in ko4Q00 K)
Observatory are reported towards the two well known infrareeshd denseX 10° cm™3) material located close to the root of
sources and young stellar objects L1551 IRS 5 and L1551 NE&e outflow. The SWS observations did not detect any emission
and at a number of locations in the molecular outflow. The ISf@m rotationally excited K. Observations with United King-
spectrum contains several weak gas-phase lines of Ol, Gddm Infrared Telescope (UKIRT) of the vibrationally excited
[Fe ll] and [Si ll], along with solid state absorption lines of COS- and Q-branch lines were however consistent with the gas
CQO,, H,0, CH; and CH;OH. Hubble Space Telescope (HSThaving an excitation temperature €f2500 K. There was no
images with the NICMOS infrared camera reveal a diffuse coavidence of lower temperature-600 K) Hy, gas which might

ical shaped nebulosity, due to scattered light from the centba visible in the rotational lines. Observations with UKIRT of
object, with a jet emanating from L1551 IRS 5. The continuuthhe CO absorption bands close to 2m are best fit with gas
spectral energy distribution has been modelled using a 2D temperatures- 2500 K, and a column density 6x 10°° cm~2.
diative transfer model, and fitted for a central source luminosifihere is strong circumstantial evidence for the presence of dense
of 45 L, surrounding a dense torus extending to a distance(obronal and higher densities) and hot gas (at least 2500 K up
~ 3x10* AU, which has a total mass ef 13 M. The visual to perhaps 5000 K) close to the protostar. However there is no
extinction along the outflow is estimated to bel0 and the obvious physical interpretation fitting all the data which can
mid-plane optical depth to L1551 IRS 5 to kel20. explain this.

This model provides a good fit to the 1ISO spectral

data, as well as to the spatial structures visible on archivéy words: ISM: dust, extinction — ISM: individual objects:
HST/NICMOS data, mid-IR maps and sub-millimetre radio in-1551 — ISM: jets and outflows — stars: pre-main sequence —
terferometry, and to ground-based photometry obtained wittirared: ISM: lines and bands — infrared: stars

a range of different aperture sizes. On the basis of the abeve

model, the extinction curve shows that emission at wavelengths

shorter tham- 2 umis due to scattered light from close to L1551. Introduction

IRS 5, while at wavelengths 4 m, is seen through the full ex-
tinguishing column towards the central source. Several [Fe
lines were detected in the SWS spectrum towards L1551 IRS)
Although it would seem at first sight that shocks would be
the most likely source of excitation for the [Fell] in a knowr¥
shocked region such as this, the line intensities do not fit the p
dictions of simple shock models. An alternative explanation h

nds 1551 is one of the most intensively studied molecular
%tﬂow sources. Lying at a distance©f150 pc in the Taurus-
Auriga dark cloud, it is associated with a Bg Class | pro-
ostar, L1551 IRS 5. This is presumed to be in a pre-T Tauri
iase and the driving source of a molecular outflow (Snell et al.
i§80; Rainey et al. 1987; Fridlund & White 1989a,b; White et
al. 1991), and an optical jet (Mundt & Fried 1983; Fridlund &

Send offprint requests tg.j.white@ukc.ac.uk Liseau 1988). L 1551 IRS5 has long been believed to represent
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Table 1.1SO observation log. The fluxes of the Ol and C Il lines are in WénAll errors and upper limits ared

Name RA (2000) Dec(2000) Integration Instrument 1 O O Cu
hms o sec 63um 145um 157pm
IRS5 431343 180805.1 4265 LWS H10.1x10718 <8.5x1072! 15+0.3x107 '
IRS5 431343 180805.1 6590 SWS - - -
HH 29 431282 180612.7 7133 LWS HHD.1x1071°  8.6+3.1x10°%' 8.3+0.6x10°*°
Flow 3 43051.7 175900.1 7133 LWS 5t91.3x1072°  7.0+4.8x107%! 7.84+0.3x10°%°
b1 43126.3 180725.0 1937 LWS 3i81.1x10°2° <4.0x1072*  9.5+0.8x10°%°
b2 431205 180742.4 1777 LWS H40.6x1071%  6.0+2.9x107%' 8.841.2x10°2°
b3 431164 180645.1 1777 LWS 2440.8x 10710 <5.1x1072! 1.34+0.1x10°'°
b4 431125 180535.8 1777 LWS <1.0x107'° <5.0x1072'  7.3+0.8x10°°
ri 43139.8 180727.3 1937 LWS <1.8x10°2° <3.1x107%° 6.74+0.9x10°%°
r2 43139.0 180957.4 1777 LWS H70.6x10-20 <1.2x107%°  7.64+0.8x10°2°
L1551NE 431444 1808324 1777 LWS 43.7x10°1° <5.4x1072' 1.440.2x1071°
r4 431422 181124.1 1777 LWS <1.0x1071° <7.1x1072  7.741.2x10°%°

arche-typically the very early stages of low mass star formatiarumber of locations along the molecular outflow. Archival data
Itis special in that it is closest to the Sun and that it displays fimm the HST/NICMOS camera and using an infrared spec-
outflow at only a slight inclination angle. In addition, IRS5 idrometer at UKIRT are also examined to provide constraints to
relatively isolated, thus largely reducing source confusion atite modelling. We then present a detailed self-consistent two-
signal contamination problems, which has made possible obg#imensional continuum radiative transfer model for IRS 5 which
vational studies at high resolution and accuracy not obtainaideconsistent with the available data.
elsewhere. These high resolution studies have revealed that pro-
tostars are seemingly far more complex systems than commonly
believed. The extinctiord,, towards IRS 5 has been estimateg The observations
to bez 150" (Smith et al. 1987; Stocke et al. 1988). Contin="
uum maps reveal that the dense central core is surroundedrbhis study, the Infrared Space Observatory (ISO) spectrome-
an extended cloud (Woody et al. 1989; Keene & Masson 1996s (ISO — Long wavelength Spectrometer — LWS — Clegg et al.
Lay et al. 1994). The spectral energy distribution and intensitp96, and Short Wavelength Spectrometer — SWS — de Graauw
maps of L1551 IRS5 have been modelled in detail using ret al. 1996) were used to obtain spectra towards IRS 5 and at
diative transfer methods in spherical (Butner et al. 1991, 1994) positions on the outflow, as summarised in Table 1. Some of
and axially-symmetric (Men'shchikov & Henning 1997, herethese pointing positions lay along the centre of the outflow axis,
after MH97) geometries. These suggest that a flat accretion digel some at the edge of the outflow cavity (seelFig. 1).
(Butner et al. 1994) or a geometrically thick torus (MH97) lies  An ISO SWS spectrum was obtained towards IRS 5 using
inside the extended cloud. the SO1 mode (2.4—4pm, scan speed 4, resolution 1000—
High resolution radio observations have shown evidence 2000, integration time 6590 seconds). The SWS aperture varied
a double source located at IRS 5 (Riguiez et al. 1986, 1999; from 14’ x20” to 17'x40’ for the 2—4Qum regions respec-
Campbell etal. 1988; Bieging & Cohen 1985). Other interpretéively (de Graauw et al. 1996). The SWS and LWS data were
tions of the available data suggest a different morphology, witduced using the standard ISO analysis software ISAP v1.6 and
a binary system lying at the centre of IRS 5 whose componenig 6. Small corrections were made for fringing, and to align
are separated by 50 AU (Looney et al. 1997), which is in turn adjacent detector scans, but overall the standard pipeline data
surrounded by a dusty disc. Hubble Space Telescope (HST) @las of high quality. The SWS observations were made with the
servations by Fridlund & Liseau (1988) suggest that there demg dimension of the slit oriented at position angle L {thea-
two distinct optical jets, supporting this circumbinary interpresured anticlockwise from north) — this lies almost orthogonal to
tation, and that the central region is surrounded by a torus, witfe direction of the outflow jet (see Fig. 2) and limb-brightened
a mass~ 0.1-0.3M, and a radius of- 700 AU. This in turn outflow lobes (Rainey et al. 1987).
is surrounded by arn 70 AU central cavity, which contains the  Images were taken from the HST archive to examine the
double radio source. There appears to be an evacuated cavitygar-infrared distribution closer to IRS 5. These data, using the
the torus, with a half-opening angle of about 50=5Bhe axis HST/NICMOS camera were cleaned of residual cosmic rays
of the molecular outflow is inclined at about 3036 the line which remained after the standard pipeline processing and mo-
of sight. saicked together. Narrow band images of #2212 H,, A 1.87
In this paper, we report spectroscopic observations dBaschen lines were examined, as well as broad filters which in-
tained with the ISO Long and Short Wavelength spectromeluded the\ 2.12 H, + CO band-head region, thel.64 [Fe 1]
ters (LWS, SWS) towards IRS5, L1551 NE, HH 29 and at |the, and a 1.12:m continuum filter (in this paper we will adopt
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which was 122 wide. Spectra covering the interval 1.86 to
2.52um were reduced using the standard STARLINK package
CGSA4DR, and calibrated against the standard stars BS 1001 and
BS 1665.

3. Infrared continuum
3.1. ISO observations
3.1.1. SWS and LWS continuum

The I1SO spectrum of L1551 IRS 5 is shown in 1. 3. The shape
of the continuum in the LWS spectral region can to first order be
fitted by a 50 K blackbody. There is however no reason to believe
that the entire central region can be described by blackbody
emission at this single mean temperature. In fact, the emission
at short wavelengths exceeds the expected blackbody values,

Fig. 1. Palomar POSS Il Digital Sky Survey picture of the L1551 reindicating that higher temperature dust grains must be present,

gion, with the position and names of the LWS pointing positions indand that the absorption efficiency of dust grains falls off with
cated, along with the beamsize, which wa80” (Clegg et al. 1996; wavelengths (see e.g., Fig. 9).

Swinyard et al. 1996).
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There is a discontinuity in the continuum flux level between
40 and 5@m — where the SWS and LWS spectra join together
(see Fid.P for the error bars). This may be due either to a cal-
ibration mismatch between the SWS and LWS spectrometers,
or a consequence of the different beamwidths.

It is known that the size of L1551 IRS5 at pfn is less
than 8 FWHM (Butner et al. 1991), and so it should appear
point-like to both the SWS and LWS. One should keep in mind,
however, the fact that the beam size of the KAO observations
was 14, much smaller than the apertures used in this study.
Since larger beams probe different volumes of the circumstellar
envelope, the observations cannot be compared directly, unless
a detailed radiative transfer model for the object is developed.
Infact, our detailed model of L1551 IRS 5 presented later in this
section, shows that this continuum level break could be entirely
due to the difference in beam sizes for SWS and LWS spectrom-
eters — although of course there is still systematic uncertainty
between the calibrations of the LWS and SWS as discussed
earlier.

3.1.2. Solid state features

Fig. 2. HST image of the central part of the reflection nebula close Tthe 1SO spectra are shown in Hig. 4 did 5. These include a
L1551 IRS 5 centred at 8900 The SWS apertures at the shortest andumber of features which are attributable to solid state carriers,
longest wavelengths are shown as boxes centred at the co-ordingtegvell as several gas phase lines.

listed in Tablél. The two knots visible tq the right of the I_arger SWS  The spectral region from 2.8 to 3.8 has a broad absorp-
aperture are features known from previous optical studies to be 88:, feature extending across it, made up from contributions

sociated with working surface or shock activity (Fridlund & Lisealﬂ,om ices atw

1988).

a naming convention for lines of the for2.12 H,, to mean

the H; line at 2.12um).

Near-infrared long-slit grating spectroscopy was availab
from the UKIRT CGS4 archive. The CGS4 camera contained _
a 256x 256 InSb array, and was operated as a long-slit spec-

3.1 um, O—H stretching band of 4D from 3 to
3.4um, and solid CHOH at 3.54, 3.84 and 3.94n (Dartois
et al. 1999), which sits on the long wavelength side of th®H
line.

The column density)V, of an absorbing species producing
:Iaefeature of peak optical depth,., and widthdv is given by

_ Tmax OV

- o

trograph covering the 1-5m spectral region. A 75 I/mm grat- whereA is the integrated absorption cross section per molecule
ing provided a resolving powers ef 500 along an 80 slit,

(also known as the band strength) andis the full-width at
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Fig. 3.L1551 IRS 5 spectrum. The two graphs show the same data, but using either linear or log scales, so as to emphasise the dynamic range
of the spectrum, whilst showing weak features. The upper figure is overplotted with the positions of detected lines in the LWS range, and the
locations of various features in the SWS range discussed in the text. The lower figure is overplotted with the locations of molecular emission
lines which have been detected by ISO towards other sources.

half maximum intensity, expressed in units of wavenumbers. An absorption feature is seen close tarf (see also Fid.l5),
The lower limit to the column density of solidJ® is 7.7<10'®  which is probably due to a combination of water ice, HCOOH
cm~2 (the lower limit is a consequence of the available signadnd PAH features. Absorption at these wavelengths has previ-
to-noise ratio (S/N), baseline uncertainty and blending with tloeisly been proposed by Tielens et al. (1984) and identified by
nearby CHOH emission). Examples showing the optical deptieane et al. (1999) towards several sources, and seen towards
in other solid state features are presented in[Fig. 5. several of the infrared sources towards the Galactic Centre by
It proved difficult to unambiguously separate the contribuzhiar et al. (2000), where it is suggested to indicate the pres-
tions of CH;OH from the O—H stretching band of,®, however ence of a mixture of KO, NH;, HCOOH and an aromatic C—C
from first order Gaussian fitting, we estimate the soliccOH component.
column density is 2.610'8 cm~2. An absorption feature associated with the 766 CH,
The CG ) 4.27 stretching mode and GO\ 15.2 bending v, ‘deformation modeline is clearly visible, with an opti-
mode lines are clearly seen in absorption with optical depthscal depthr = 0.07. Using a band strength df = 7.3x 10~ '8
2 and 1 respectively. The GO\ 15.2 line has an integrated linecm molecule! (Boogert et al. 1996), we estimate the column
flux of —3.72 £ 0.5x 10~ W cn? and an optical depth of 0.4. density of solid methane to be &@0'6 cm™2. Boogert et al.
Taking values of band strengths from Gerakines et al. (1996)996) suggest that the Gl embedded with a mixture of po-
the column densities in these g6tretching and bending modedar molecules (such asi®, CH;OH, CH; or other species) in
are 5.5¢10'7 cm~2 and 5.3<10'7 cm~?2 respectively. the icy grain mantle. However, despite the availability of mod-
The’XCN’ A 4.619 line reported by Tegler et al. (1993) wasls of CH;, in various mixtures of polar molecules, the S/N of
not seen in our data, despite detection of the nearby X038 the present data is insufficient to discriminate between various
line. Similarly, the\ 4.68 line detected by Pendelton et al. (1999ixtures.
was also not convincingly present towards L1551 IRS 5. The column densities estimated above for the various solid
state features are summarised in Table 2.
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Fig. 4.Lines detected in the L1551 IRS 5 spectrum. Th&®Hines indicated in the lower right pane show the expected wavelengths, but do not
to necessarily indicate detections.

3.1.3. Spectral shape the relative invariance of its strength with distance from IRS5
Compared to many pre-main sequence objects with outﬂo?vhsowS that the UV field must be weak, even close to IRSS
mp yp seq ) - ..—and the HH 29 region. The non-detection of highcO lines

which have been observed with the ISO LWS, it is strlklng . .

. . uggests that the outflow gas is neither very figt € 200 K),
how few lines have been detected in these very deep spe%tgr very denserf, <10 cm3)
(Saraceno et al. 1999). The low intensity of the CII line an y Hz = '
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Fig. 5a—f.Optical depth in various lines, superimposed by model fits to various gas phase lines. These models are run for a gas temperature of
200 K and Doppler widthyp =2 kms™*, and column densities af10** cm™2, b 5x 10" cm™2, ¢ 6x 10?° cm™~? (uppermost model curve at the

top of the figure was run for a temperature of 200K, the lower model curve was for the higher temperature of 2500 K, and shows the bandhead
more clearly)d 10?! cm~2, e 7' cm™2, f 5x 10" cm~2. All data and models have an effective resolution of 700.

Table 2. Summary of solid state column densities To attempt confirm the lack of Hemission from the jet, a first
order continuum subtraction, the2.12 H, + CO broad filter

Species A Band Neot  NxINu,o was scaled and subtracted from the narrowbad 2 H; filter.

pum strength crm? The’continuum subtracted imagermed in this way showed no

cm mol™! evidence of H emission from the jet down to alevel of 2 % ofthe

H>0 3 2310716 >7.7x10'8 1.0 peak\ 2.12 emission. This may be due to the fact that either there
CO, 427 7.6<10°17 5.5x10'7 0.07 is no detectable Hemission from the jet, or that thelémission
CO, 152 1.1x107 "7 5.3x10"7 0.07 is exactly cancelled out by the CO bandhead emission contained
CH, 766 7.3<107'%  7.6x10'° 0.01 in the 2.12 H + CO broad filter. Resolution of this will require
CH;OH 354  2107'6 >2.6x10'% 0.3

sensitive echelle spectroscopy which is not yet available. By

contrast, [Fe Il] emission is clearly visible without any attempt

) to’continuum subtratt

3.2. HST NICMOS images The mass of the torus was estimated to be 0.140.3 the

A composite showing images taken from the HST archive fidll opening angle was- 100-110, and the radius 630 AU (Lu-

shown in Figl®. cas & Roche 1996). A similar bipolar geometry of L1551 IRS 5
The spatial distribution of radiation (Fig. 6) shows a nebul&@as been found also by MH97 in extensive modelling which,

structure with an opening angle f60°. In two of the filters @mong other things, has shown that the actual size and mass of

— the [Fell] and 1.12m broad filters, emission from tHget’ the dusty surroundings of IRS 5 is at least an order of magnitude

is clearly visible — most prominently in the [Fe I1] filter (thislarger ¢+ 10* AU and~ 10 M, respectively). The distribution

contains the\ 1.64 [Fe 1] line). It is notable that three [Fe 1] Of near-IR emission has been studied towards this source by Lu-

lines are also seen in the ISO SWS spectra (see[Sdct. 4.1), @& Roche (1996), who used image sharpening techniques to

that the/jet’ is not detectable in the narrowbah@.12 H, filter. obtain a deconvolved angular resolution with a FWHM 680
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Fig. 6. HST images of IRS 5 obtained with the NICMOS 2 camera (total field of viei2%a19’2, pixel size §075). The area shown here has
dimensions of 82 x 8’2, and the diffraction limited resolution is 0”18. The peak intensity on the continuum subtracted images is 2 % of the
peak flux of the direct 2.12m image.

Based on Monte Carlo modelling, they suggested that the lighB.1. Geometry

originated from the scattered light associated with a circumstel- .~ . . .
lar torus with an evacuated bipolar cavity. Eollowmg MH97, we assume that the central star (or a binary) is

surrounded by a dense core (with a radius-df00 AU), which

is embedded within a much larger non-spherical envelope (outer
3.3. Two-dimensional radiative transfer model radius of~ 3 x 10* AU). A conical cavity has been excavated
vpé( the bipolar outflow, and has a full opening angl®@f. This

In order to interpret the observations in a quantitative way, we. . .
\%qally-symmetrlc geometry is the same for both the core and

constructed a self-consistent two-dimensional (2D) radiati di terial. Th trv is sh inig. 7
transfer model for L1551 IRS 5. Whereas MH97 have alreagﬁI _Is_ﬁrrzun ngm? %”i‘.' ?Q%OTE r}[/ IS S ov;n. mth Igl-)' ' |
presented a comprehensive model for this object, their calcula- € densily distributions Inside the forus and in the bipolar

tions were affected by numerical energy conservation proble V|tt|es a;]re fl{(rrl]ctlons of ofnly the ra?'al ?lztavr;céron} thte_ thi
resulting from very high optical depths of the model and inconfs e, Where INe source of energy 1S located. We negiectin this
del the putative binary system inside the dense core, because

plete convergence of the iterations. The problem, which mainl)y

affected the total luminosity of the central object and the nedr: SeMi-major axis-{ 20 AU) would be much smaller than the

to mid-IR part of the SED in the MH97 model, has now beerl’?dius of the core. If the binary does exist, it is unlikely that

improved (see, e.g., the model of HL Tau by Men’shchikov teere IS avery large cavity arqund it, with a radius-g20 AU.
al. 1999, hereafter MHF99). ur modelling has shown that in the presence of such a dust-free

wity, most of the inner dust boundary would have temperatures

In this paper, we have recomputed the model using the md&i 4
ified version of the code and the new constraints provided only ~ 150K, far t0o low to explain Fhe observed SED of
ﬁ51 IRS5. In fact, the near- and mid-IR fluxes would be

the ISO and HST observations presented above. Our appro ny) orders of magnitude less than the observed ones. Instead

and the model are basically the same as those in MH97 . o L .
MHF99. We refer to the papers for more detailed discussiShassuming that the entire binary fits into the dust-free cavity,

of our approach, computational method, model parameters, i adopt the View that a substantial amount of gas and dust
‘error barof the modelling. exists deeper inside the core, as close &2 AU to the central

source(s) of energy (see Séci 4.1.1 later).
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) ) Fig. 8. Opacities for our IRS5 model. Three upper curves show the
Fig. 7. Geometry of L1551 IRS 5. Schematically shown are three rgz,ejength distribution of optical depths (total, absorption, and scat-

gions of the model — the innermost dense torus (dark color), theinq) towards the central source, through both the envelope and the
constant-density part of the envelope (medium color), and the oufgfse torus. The other curves display dust opacities of the core-mantle
extended envelope containing most of the mass (light color). The bipaing (which exist only in the envelope), for three representative sizes,
lar geometry is defined by the opening angle of the conical outflayy \ye|| a5 the total opacity of the entire size distribution.
cavitiesw =7 — 1 ~ 90° (1) ~ 90°) and the viewing anglé), ~ 44°,
between the equatorial plane and the line of sight. The polar outflow
regions are less dense than the torus. The first component of very large grains is present only
inside the dense torus (0.2 AU » <250AU), where all of
the smaller grains are assumed to have grown into the large
particles. The two other grain components exist only outside
Assuming a similarity between HL Tau and L1551 IRSH250AU< r < 3 x 10* AU), in the extended envelope of
we adopted for the latter the dust properties proposed twich lower density. As in any model, the results depend on the
MHF99. The only difference is that magnesium-iron oxidaccuracy of the input parameters and the assumptions made. A
grains (Mg sFe&).4O) are absent, because there is no evidene®jor source of uncertainty in amodel such as the one used here,
of an emission/absorption sugnature close tafBthat would will be the assumptions adopted for the grain properties. Further
warrent introdcuing another free parameter to into the modtails on the choice of grain properties and their effect on the
(Fig.[8). model results have been discussed by MHF99 and references
(1) The large dust particles have an unspecified compogierein.
tion, radii 100—-600@:m, size distribution exponept = —4.2,
dust-to-gas mass ratj@; /p=0.01, average material bulk den-,
sity pgr =2.0 g cnT®, sublimation temperaturg,,;, ~1700K. 3.3.3. Parameter space
They show a gray (i.e., independent of wavelength) extinctiéws has been discussed in detail by MH97 and MHF99, the pa-
efficiency for\ < 600um, whereas at longer wavelengths itameter space available to numerical modelling is very large.
falls off asA—0-3. There are many poorly constrained parameters, few of which
(2) Core-mantle grains are assumed to contain silicate cocas be fixed a priori, to reduce the space. This situation re-
(Mgo.cFey.4SiOs) with p,, =3.2 gcnt3, covered by dirty ice quires that all available observational information has to be
mantles. The ratio of the total core-mantle grain radii to thosetaken into account to better constrain the models. As in the
the pyroxene cores is 1.4, and their total radii are 0.11#M7 earlier modelling, we have used as observational constraints all
p = —4.2, pa/p=0.0037. The dirty mantles consist of wateexisting photometry data with different beam sizes (from optical
ice polluted by small amorphous carbon grains. The sublimatitlmmillimetre wavelengths), intensity profiles at&m, 100um,
temperature of the mantles was assumed te h60 K. 1.25mm, 1.3 mm, and visibility curves from interferometry at
(3) Amorphous carbon grains with radii 0.08-g/8, p = 0.87 mm and 2.73 mm (see references in MH97). In addition to
—4.2, pa/p=0.0063,p,, =2.0 gcnT3. the constraints, we used in the new modelling our HST image at
The contibutions to the extinction towards L1551 IRS 5 a212;m and the SWS and LWS spectrophotometry presented
shown in Fig[8. above.

3.3.2. Grain properties
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Fig. 9. Comparison of the new IRS 5 model with the ISO SWS, LW§ig. 10.Same as in previous figure but it shows in more detail the SWS
spectrum, and various, mostly ground-based, photometric points. Bma& LWS spectrophotometry (2—20fh). The small insert displays in
individual fluxes (taken from MH97) are labelled by different symbolgven greater detail the region of thmismatch between the SWS and

to distinguish between old observations (before 1980, circles), receWS data (38-5@m). The effect of beam sizes is also visible in this
ones (1980-1990, diamonds), and new data (after 1990, triangles).fiot, as the difference between the dotted and the solid lines in the
ror bars correspond to total uncertainties of the observations. The stetfadel SED. To illustrate the influence of the bipolar outflow cavities,
continuum (which would be observed, if there were no circummestelltme SED for the equivalent spherical envelope is also shown.

dust, is also displayed. The model assumes that we observe the torus

at an angle of 4% (relative to its midplane). The effect of beam sizesaple 3. Main input parameters of the IRS 5 model

is shown by the vertical lines and by the difference between the dotted

and solid lines in the model SED. Whereas only the lower points Bfarameter

the vertical lines are relevant, we have connected them to the adjacent Value

continuum by straight lines, to better visualise the effect. To illustraf¥Stance o 160 pc

the influence of the bipolar outflow cavities, the SED for the equivaleffEntral source luminosity )

spherical envelope is also shown. Stellar effectlve tgmperature 5500 K
Flared disc opening angle 90
Viewing angle 445

Table[3 lists themaininput parameters of our model. Th Tgiuz gﬂtsé :E?S:g ar;;d'us 81%42,&?

opening angle has not been varied, being fixed at the value fo%pts total mass (gas+dust) 12,

by MH97. Likewise, the viewing angle and the outer boundagyensity at melting radius 8:01013 g om?

also have not been varied extensively in our new modelling. Wensity at outer boundary 280 2 gem 3

varied mainly the radial density profile and the total mass (or tmeitflow visualr, 10

total optical depth in the mid-plane). The dust grain parametekidplaner, 120

the primary source of uncertainties in this kind of modelling,
was also mostly fixed at the values adopted by MHF99 for HL
Tau. C

Numerical parameters related to the accuracy of the mogé?A' Spectral energy distribution

are the number of radial points (277), the number of azimuthethe model SED is compared to the observations of L1551 IRS 5
angles for the integration of intensity moments (10), the nurim Figs[9 and_ID. Only one, best-fitting SED corresponding to
ber of azimuthal angles for the observable flux calculation (5@pe viewing angle of 4% (measured from the mid-plane) is
the number of wavelengths (217), the number of points for codisplayed. As has been extensively discussed by MH97 and
volved intensity maps (600 600), and that for the visibility cal- MHF99 (see, e.g., their Fig.5), the optical to mid-IR parts of
culations (4000« 4000). Conservation of the total luminositythe SEDs of bipolar embedded sources depend strongly on the
for both the equivalent spherical envelope and the 2D model waswing angle. The viewing angle derived on the basis of 2D
better than about 7 % at all radial points, certainly good enoutgdiative transfer calculations depends, among other factors, on
compared to the total uncertainties involved in the modellingthe density distribution in the polar direction inside the dense
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disc and the surrounding material. Since the real density struc- Angular distance 0 (arcsec)
ture in the vertical direction is generally unknown, we adopted ~ 10° ___ 10" 10" A0 A0 L
a density distribution independent of the polar angle. This in- w0°L ™
troduces some degree of uncertainty in the derived value of the
viewing angle, although the fact that the source is hidden be-
hind the’'wall’ of extinction produced by the core and the torus g
(and close to the apex of the conical cavity) seems to be well
established both by observations and by the modelling. T

The overall quantitative agreement of the model SED witl, ;4.
the entire set of observations of L1551 IRS5 is obvious. The
total model fluxes corrected for the beam sizes (solid lines i
Figs[9 an@1D) coincide well with the observed fluxes, except f% 1015
those in the near IR, although the shape of the SED is still vegy/
similar to the observed one. The effect of different apertures is
evident everywhere, except for only the mid-IR wavelengths,
where the source is very compact and most of its radiation fits o
into the SWS beam. Note that at millimetre waves the model
predicts significantly largetotal fluxes compared to the ob-
served ones, indicating that the outer envelope is very extended?’ -l il 00
and sufficiently massive. Radial distance r (AU)

The insert in Fid. 10 shows that thjemp' between the SWS
and LWS data at 45.m is a consequence of the different bearﬁig- 1_1. Density and temperature structure pf the IRS5 model. The
sizes. The model shows a clear water ice absorption featurdgiP in temperature profiles (upper curves) is due to the difference of
3um which is very similar to the observed profile. The agre%r;'?Oﬁr;%‘;"g'ggt:ﬁ;ween the dense torus and the outer envelope. See
ment of the model with SWS in the 7+®n region is not very '
good; there are also smaller deviations in the 15+#(art of
SWS. As we mostly fixed the grain properties, we have not af-  ;-~2) density profile. A steep  exp(—r?2) transition
tempted to find a better fit by varying the dust model (itwould bgyne between them (having a half-width at half-maximum of
extremely time-consuming). It seems very likely, however, that AU) effectively forms the outer boundary of the inner dense
small changes in the dust chemical composition or temperatygys. The boundary of the torus extends frer80 to 250 AU
profile would be sufficient to fit the SED almost perfectly. Wang is effectively truncated by the exponential at about 200 AU,
do not believe, however, that such an adjustment makes sefggy similar to the density profile of HL Tau (MHF99). Conical
given the much higher overall uncertainties of the problem &rfaces of the bipolar outflow cavities define the opening angle

Total (gas+dust) density
10°

. Total density in polar cavities

. -——=— Temperature of very large grains
., -=-=-- Temperature of core-mantle grains
. Temperature of am. carbon grains

102

Dust temperatures T (K)

10t

hand. of the torus to b&0°. Dust evaporation sets the inner boundary
at~ 0.4 AU, while the outer boundary is arbitrarily put at a suf-
3.3.5. Densities and temperatures ficiently large distance df x 10 AU. The polar outflow cones

o ~_withap o« r~2 density distribution have much lower density
The structure of our model of L1551 IRS 5, which is very similagan the torus.
tothat presented by MH97, isillustrated in fiigl 11. The distribu- | the absence of any reliable constraints, the conical outflow
tion of densities and temperatures in the model were chosendgions are assumed to have ac »—2 density profile which is
be similar to those of HL Tau (MHF99), except for the flat densonsistent with available data. The temperature profile displays
sity area between 2_50 and ZOOO.AU Wh.ICh is very likely to exigl jump at 250 AU, where the hotter normal-sized dust grains
in IRS 5. The density structure in the inner few thousand Abf the envelope are assumed to be coagulated into the large
is constrained by the SED (Sect. 313.4), the submm/mm Vigmins of the dense core. We refer to MH97 and MHF99 for

ibilities (Sect{3.3.6), and the long-wavelength intensity magsmore detailed discussion of the density structure and of the
(Sect[3.3]7). The visibilities suggest that the density structyjgcertainties of our model.

consists of a dense core inside a lower density envelope. On the
other hand, the intensity maps might also imply high densities . . o
are present at distances-0f4000 AU from the central source.3-3-6- Submillimetre and millimetre visibilities

Both requirements can however only be reconciled by adoptifige model visibilities for two directions in the plane of sky, par-

a flat density distribution. We have no clear understanding of tgge| and orthogonal to the projected axis of the torus (MH97,

physical significance of this deduction (also inferred by MH97)1HF99) are compared to the available interferometry data in

which needs to be tested by other observations. Fig.[12. The model shows good agreement with the spatial infor-
There are three regions that make up the torus: the inngyation contained in the observed visibilities. The latter do not

most very dense core with@ oc r~' density gradient, and constrain, however, density distribution in the outer envelope.

low-density outer parts with a broken power-law £ const, |nstead, intensity maps over a larger area, obtained with large
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Fig. 12. Comparison of the model visibilities at 0.87 mm and 2.7 m i9.13. Far-IR intensity profiles for our model of IRS 5 compared to

with observations of Lay et al. (1994), Keene & Masson (1990) aﬁde observations of Butner et al. (1991). Dotted line shows also uncon-

Looney et al. (1997). The latter data set was not used in the sea¥8h’ed model |ntgn§|ty distribution (normalised to 0.75) that is domi-
Sé?d by the emission of the dense compact torus.

through the parameter space of the model (see[Secl. 3.3.6). The uB
and lower curves show the visibilities for two directions in the plane
of sky, parallel and orthogonal to the projected axis of the outflow. \yith the available observations in Figs] 13 anél 14. The model
intensity profiles have been convolved with the appropriate cir-
cular Gaussian beams. Unconvolved intensity distributions are
beams, should be useful in determining the density structureadso shown for reference. As in MH97, the new model shows
the largest scales, thus giving an idea of the total mass of the gi#gry good agreement with the measurements, suggesting that
cumstellar material. In fact, our model gives much larger mattge density and temperature distributions of the model are real-
(~ 13 M) and extent{ 3x 10* AU) of the envelope comparedistic.
to other simplified models which do not take into account all Note that the temperature of the outermost parts may be
available observations. controlled by the external radiation field, which is assumed to
The observations by Looney et al. (1997) were added lbe a 5K blackbody in our model. The radiation field defines
the figure after our modelling has been completed; they shtve lower limit for the dust temperature in the distant parts of
noticeably lower visibilities compared to those presented liye torus. Thus, it is a key parameter that determines how ex-
Keene & Masson (1990), which were fit by the model reasonalipnded the envelope would appear to millimetre observations
well. This is clearly a consequence of the assutietl® slope after subtraction of the background radiation field. In fact, if the
of the opacities by very large grains in this wavelength rangeiter radiation field keeps the torus warm (e.@0 K), then the
(Sect[3.3.R). The slope has been chosen in our model on ithitimetre intensity maps, which are sensitive to much cooler
basis of the best fit to both 870n (Lay et al. 1994) and 2.73 mmmaterial, would reveal very little radiation from the envelope.
visibilities (Keene & Masson 1990). The Looney et al. (199ne cannot conclude, however, that an envelope has very little
data suggest that the wavelength dependence of opacity mess on the basis of a few millimetre fluxes alone, without a
actually be slightly steeper (closeraax A~%7). This alone or careful analysis of its density and temperature structure.
together with a slight modification of the density profile would
let the model visibility go through the cloud of the observeg
points. Given the uncertainties of the different data sets an
of our model assumptions, however, we do not feel this woufh additional check of our model at short wavelengths is en-
make sense. abled by the HST NICMOS image of IRS5 at 2/42. In
Fig[18 we compare the model intensity profiles along the same
orthogonal directions on the sky, parallel and perpendicular to
the axis of the outflow, with the corresponding intensity strips
Model intensity profiles at 50m, 100um, 1.25mm, and taken from the observed images (SEcil. 3.2). The model images
1.3 mm (perpendicular to the outflow direction) are compareeere convolved with the HST point-spread function 61.8;

.é%.s. HST image at 2.12n

3.3.7. Far-IR and millimetre intensity profiles



752 G.J. White et al.: An infrared study of the L1551 star formation region

12J_IIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIJ_ 12 IIIIIIIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
= I Keene & Masson (1990) 1.25mm 3 E ®  HST 2.12 micron (shifted) 2.20 um (K) E
- 10F [~ Model, PA orthogonal = - 1.0 - Model, PA parall =
£ E PSF 27" FWHM . = F PSF 0.18" FWHM 3
S 0.8 E- Model, no conv B 5 0.8 F- Model, no conv E
EE 1 E F E
o F 3 k-] E J
g 0.6 :— —: ﬂu) 0.6 :— —:
g E 3 g o ]
E 04F = E 041 -
=] - - [=] - -
z o 3 z o ]
0.2F . 02F 3
o ] o o ®ooes
00 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIII- 001I 111 I L1l I 11 I.L....‘.’,’T 1L I Lt I 111 I Ll I 101 Ii
12_LIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIJ_ 12 IIIIIIIIIlIIII|IIIIIIIIIlIIIIlIIII|IIII|IIII|IIII
F$ Walkeretal. (1990) 3 [ e HST2.12micron E
10— Model, PA orthogonal 1.3mm = 10 Model, PA ortho PP 2.20 pm (K) =
.«%‘ E PSF 30" FWHM ] % = Model, PA ortho E
< E Model, no conv ] c F——— PSF 0.18"FWHM :
% 0.8 :_ _: *g 0.8 :_ Model, no conv _:
; F ] 5 - Model, no conv =
§ oep E I E
s o . [ o 3
E 04F 1 E 04F 3
o - . o - -
z E ] z E 3
02 = 02 =
E 3 o o0® F— ]
0.0IIIIIIIIIIIIIIIIIIIIIIIIIIIIII||IIIIIIIIIIIIIIIIIIIIIIIIIIIII 00 II..‘...”,’?IIIllll‘llﬁ‘llll‘llllllII||III|| 1
-30 -20 -10 0 10 20 30 -5 -4 -3 -2 -1 0 1 2 3 4 5
Distance from peak (arcsec) Distance from peak (arcsec)

Fig. 14. Millimetre intensity profiles of our model of IRS 5 comparedrig. 15. Comparison of the HST 2.32m image with our model of

to the observations of Keene & Masson (1990) and Walker et al. (199§S 5 in terms of normalised intensity profiles for two orthogonal di-

Dotted line shows also unconvolved model intensity distribution (narections in the plane of sky. In the top diagram, thshift of the ob-

malised to 0.75) thatis dominated by the emission of the dense comat/ed profile is arbitrary, since the absolute positional co-ordinates of

torus. the HST are not known to sufficient accuracy — however it is the shape
of the distribution that is predicted — and well matched by the model.
As in previous figures, we also plotted the unconvolved model inten-

the unconvolved model intensity distributions are also showfy distribution (normalised to 0.75) that is dominated by the radiation

for reference. Distortion of the observed profile in the lowescattered and emitted by the dense compact torus.

panel (plateau and widening of the left wing) is caused by the

removal of the intensity spike due to a bright knot slightly offable 4. Average density estimates for L1551 IRS5 from observa-

the jet axis on the HST image. tions compared to the predictions of our model (references are given

The model of L1551 IRS 5 predicts that the observed intem-MH97, Table 2).
sity peak should be displaced by approximatél$ along the

outflow direction from the completely obscured central energy Obs. Mod.
source. This also has been suggested on the basis of the fi@cer ~ Rad.  Rad. (nu,) (rm,) Ratio
phology of the optical and radio images (Campbell et al. 1988). " AU cm”? cm”®
Similar displacements in the near-IR images have been fouxids 60.0 9600 ~1x10° 1.7x10° ~1.7

in the recent modelling of HL Tau (see MHF99 for more disl.1mm  30.0 4800 ~4x10° 5.0x10° ~13
cussion). Unfortunately the HST/NICMOS images do not ha\fé’oum 175 2800 21x10° 80x10° 508
the astrometric accuracy needed to test this idea. O 138 2208 z4x 10? 8.0 x 102 520

Taking into account the approximations involved in tht]-,\4mm 40 640 il x 107 37105 ~0.4
model geometry and in the radiative transfer method, whi °0 gg igg z Z x 186 ?'8 x 186 Eg'é
should affect our results especially at short wavelengths, e | 50 320 g 1 i 108 24 i 107 %0:2
agreement is good. The remaining discrepancies can be £%,m 0.4 64 >1x10" 1.0x10° <001
plained by a more complex density distribution around IRS 5;
whichin reality should depend also on the polar angle (MHF99).

In Fig.[16 we have presented near-IR modelimages of L1551
IRS 5 with a @18 resolution (equivalent to the HST image of th€1990) (see MH97) from 2.7 mm interferometry was an overesti-
source at 2.12m, Fig[15%). The intensity profiles predicted bynate because they assumed a steep long-wavelength absorption
our model can be tested by future high-resolution observatiorfficiency of dust graing oc A\~2. Corrected for the higher
opacity of large grains adopted in our work, the estimate would
be about a factor of 4 times lower, in much better agreement with
our result. The model is consistent with observations, given the
Table[4 compares average densities of our model with the a@pproximations involved in the problem (see MHF99 for more
servational estimates. The density reported by Keene & Masstiscussion).

3.3.9. Average density estimates
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12T L T T ture of the cloud. To test the possibility that the gas could be
L 1of L E) parallel 1 photoionised, we ran the photoionisation code CLOUDY (Fer-
I Ef)) 1 land et al 1998) over a wide range of values. The [Fa R}.5
2 08 asom 7 line is only efficiently excited under conditions of high den-
T S 3 sity (ng, = 10%cm3) and high UV illumination G, 2 10°)
g oabE 1 (see also Hollenbach et al. 1991) — however, it is impossible to
s F J excite the [Fell]x 17.9 line for reasonable values of ionising
021 Y S - flux near L1551 IRS 5, due to the low effective temperature of
P N T TN TR U, 7, S s FO B i the star {g ~ 5500 K). A shocked environment seems a more
pefr ooy fikely environment to excite the lines. Such a shocked environ-
o F e E,J_,)) orthogonal 3 ment could be associated with the optical jet emanating from
2 T a2 ] L1551IRS5. We detect emission from [FeN]L7.9 and\ 26.0
g o8 0w | 4 of 9.44+1.5x10°'6 Wm~2 and 2.04+0.3x10"'">Wm~2
T o6 F—-= 100(0N) 5 3 respectively, with a marginal detection of [FelJ35.3 of
= o 1 1.62+0.6x10"1Wm=2. There are further [Fell] lines at
£ 04p 0 4 )5.34,A51.3 and\ 87.4 for which we set 2 upper limits of
“ o2F RN 3 1.05x107'°,6.52x10" % and 3.6<10~ ' W m~2 respectively.
- | e 4/' |N\\M |L1 | J The\5.34 and\ 17.9 lines can be used to constrain density, and
0.0 TNV O 0 O 25 50 5 0 A S 5 5 25 1 0 O 0 O Y

the A 26 line can be used with other lines as a temperature es-
timator. However, as pointed out by Greenhouse et al. (1997),

Lutz et al. (1998) and Justtanont et al. (1999), other excitation

Fig. 16. Predictions of our model fof, H, K, L, M, andN band im- mechanisms such as fluorescence or photoionisation may be
ages of IRS 5 with the adopted point-spread-functiod @BFWHM). important in certain environments.

These predictions are included in this paper, because they are now able

to be tested using large telescopes such as Gemini with adaptive optics. »
4.1.1. Observed transitions

-5 -4 -3 -2 -1 0 1 2 3 4 5
Distance from peak (arcsec)

L A diagram of the lowest energy levels of [Fell] is shown in
4. Emission lines Fig[17 and the major transitions in the range of the ISO spec-

Several narrow emission lines were detected in the L1551 IR§@Meters are listed in Talilé 5. The observed line fluxes are also
spectrum, specifically [Fe 1} 17.94 and\ 25.99, SilIA31.48, diven, along with the aperture sizes of the data. From these it

Ol 163.2, OHA84.4 and CIIA157.7. These can be seen ifs clear that for extended emission several of the line intensity
Fig.[d, and are now discussed by species. ratios are aperture dependent. Fortunately, some of the poten-

tially most important lines, viz. the 26, 17.9 and 2418 lines
(the 2-1, 7-6 and 8-7 transitions in Higl 17, respectively), were
4.1. [Fell] observed with the same aperture.

[Fe I1] line emission is often detected towards starburst galaxies, The table also lists intrinsic [Fe 1] line fluxesy, i.e. after
where it has been interpreted as having been excited by cdliicorrection for the attenuation by dust extinction has been ap-
sional excitation in supernova remnant shocks (Moorwood ®lied. The values of the dust opacities used for this correction
Oliva 1988; Lutz et al. 1998). [Fe II] lines have been reportetlere obtained from the best fit model of the overall SED of
towards several supernova remnants (Oliva et al. 1999a [RARS 5 (see Sedil 3 and below) and are displayed in Eigs. 8 and
103], b[IC 443]), galactic nuclei (Lutz et al. 1996 [SgrA*], 19978. Contrary to naive expectations, extinction has a considerable
[M82]), and in regions known to have energetic outflows (Wegffect on the line ratios in IRS 5 even in the mid- to far-infrared.
selius et al. 1998 [S106 IR and Cepheus A]). Optical echelNot only does the temperature diagnostic ratio 17.9/26 become
spectra towards the jet and working surface where the jet fightly altered, but is actually inverted, changing from the ob-
teracts with the surrounding medium (Fridlund & Liseau 1988grved value of 0.5 to tHele-reddenene of 2.

show linewidths of 100 and 200 ks respectively. These ~ Emission lines of [Fe Il] detected in the SWS spectrum of
results unambiguously show that shock excitation is occurridgt551 IRS5 include transitions at 26 and 1/r@. Further,
although the position of the working surface in L1551 IRS 5 lidge high excitation lines (cf. Fig.17) [Fe 1§ 1.64 (Sec{ 3]2)
outside the SWS field of view. From the raw data, the linewid@1dA 0.716 (Fridlund & Liseau, in preparation) are also clearly
of the A 26.0 [Fell] line, deconvolved from the instrumentaPresentin this source, as well as the [SNB5 line. Therefore,
resolution, is< 230 kms L. The ratios [Fe Il]A 35.3/1 26.0 inthe absence of any nearby bright source of UV radiation, exci-
and [Fe ll]\ 24.5/) 17.9 should be density sensitive, althougf@tion of these lines by shocks presents the only known, feasible

their variation over a wide range of densities is 0n|y a fact@ﬂternative. HOWeVer, the Comparison of the line intensity ratios
of ~ two. The transitions have high critical densities. ~ for various lines deduced from shock models (Hollenbach &

10° cm=3 and high excitation temperaturés400 K. As mi- McKee 1989; Hollenbach et al. 1989) with those of the obser-
nor coolants, they do not significantly affect the thermal stru¥ations makes noimmediate sense. In fact, results obtained from
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Table 5. SWS and LWS aperture sizes at various [Fe Il] transitions, observed and dereddened fluxes

Instrument  Transition A Q Q/Q21 10V X Fope (F/Fo1)obs  Tdust 10" x Fy  (F/Fa1)o
um sr ergcm?s! ergem 2s7!
SWS 6-1 534 6.58107° 0.74 < 5. < 0.25 13.2 < 27000 < 3000
SWS 7-6 17.94 8.8810°° 1.00 954+ 15 0.47 £ 0.10 54 21 2.4
SWS 8-7 2452 8.8810°° 1.00 3.8 0.19 4.0 2 0.2
SWS 2-1 25.99 8.8810°° 1.00 20+ 3 1.00 3.8 9 1.0
SWS 3-2 35.35 1.5610°% 1.74 16 £ 6 0.80 £ 0.32 3.5 5 0.6
LWS 4-3 51.28 1.8%107° 204 <33 < 0.16 3.1 < 0.7 < 0.08
LWS 5-4 87.41 1.8%x107" 20.4 <18 < 1.8 2.7 < 0.3 < 0.03
[Fell] a 2Ge however, significantly larger than the maximum intensity from
5000 — € a ‘De 17 | 22797K . .
[ Levet 107 r1as8k o the published shock models (Hollenbach & McKee 1989, which
- 9 164 | is Iog, mod = 2x1072 ergcnt? s sr=! and which pertains to
i | | 35.8 the extreme parameter values of the modelsynjz= 106 cm™3
4000 |- 8 ; 1 andvgpocr, = 150 km s, Therefore, matching the observations
- ! | 4.5 aF would need still higher pre-shock densities, (> 10 cm—3)
i v } l a € and would thus be indicative of post-shock densities of the or-
i | } der of >10° cm~3. Such high densities are nowhere observed
3000 } 17 in or along the jets. The fact that the jet emission in the density
> I 6 ! ! sensitive [SII]A 0.6717 to) 0.6734 line ratio is nowhere sat-
N . urated implies that post-shock jet-densities never exceed a few
K i - times 16 cm™3 (Fridlund & Liseau 1988). Finally, the dense-
2000 and-fast-jet scenario can be ruled out since the expected HI
- recombination line emission (e.g., 8By that should be excited
I Z [87 in this scenario is not observed. In conclusion, it seems obvious
1000 - 3 51 that the hypothesis that the lines are excited by one or both of
- 35.5 a 6De the jets encounters major difficulties.
i 2 An alternate model, presented below, provides not only a
| 26.0 pm satisfactory explanation of the observed [Fe Il] spectrum, but
L1

0

Fig. 17. Diagram of the 9 lowest fine structure levels in [Fell]. Th
wavelengths of the major SWS and LWS transitions are indicated

pm next to the solid connecting bars. In addition, two lines from high f o . .
states (levels 10 and 17) and which were discussed in the text 4R00 K is capable of explaining the observed line fluxes. This

indicated by the dashes. Level energies are in the temperature sBiiiative source of emission is situated at the centre of L1551

(K).

also a coherent picture of the central regions of the IRS 5 system.
An [Fe ] source of dimension a few times P@m, i.e. twice

She size of the central binary orbit-(90 AU), with densities of

gﬁle order of 18 cm™3 and at average gas temperatures of about

IRS 5 and seen through the circumstellar dusty material, which
attenuates the radiation both by extinction and by scattering (see
Figs[8 andIB). This configuration presumably constitutes the

these line ratios (including upper limits to, e.g., the hydrogen rease of the outflow phenomena from IRS 5. The precise nature

combination lines) lead to diverging conclusions regarding tleéthe heating of the gas remains unknown, although one obvious

shock speeds and pre-shock densities in the source. When bagegdulation would involve the interaction of the binary with the

on different chemical species, these inconsistencies could pgigrounding accretion disc.

sibly be accounted for by differences in the abundances between

the source and the models (the mode!s use highly depletedlaQHsz. [Fe I1] excitation and radiative transfer

dances, e.qg. for irod (Fe)= 1079, relative to hydrogen nuclei).
At first, an abundance mismatch could also be thought Bhe model computations of the [Fe ll] spectrum made use of

capable explaining the remarkable strength of the obserbé Sobolev approximation. This seems justified, since (a) ve-
mid-infrared emission lines. For instance, the observed fluxlotity resolved observed [Fell] lines have widths exceeding
the [Fell] A 26 line, Fas obs = 2x1072ergenr2s! (Ta- 200km s! (e.g., 0.716:m; Fridlund & Liseau, in preparation)
ble[5), would imply an intensity of the non-extinguished lin@nd (b) according to the above discussion, high velocity shocks
Is > 3x102ergenm2 s~ ! sr!, assuming the jets from IRS 5are needed to meet the energy requirements of the observed
to be responsible for the shock excitatiél . < 6 x 10~!* sr  emission. The energies of the [Fe II] levels, Einstdivalues
within the field of view of the SWS; Fridlund et al. 1997). This isand the wavelengths of the transitions were adopted from Quinet
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Fig. 18. Total dust optical depth towards the centre of IRS5 (in thieig. 19.Line ratio diagram for [Fe 11]5.34, 17.9 and 2G4 based on
SWS wavelength range) according to our 2D radiative transfer mogémputations discussed in the text. Model parameters are indicated in
(Sect3:B). Also shown are the relative contributions from absorptigfte upper right corner of the figure. Gas temperatufgs, run from
(dotted line) and scattering (dashed line). The positions of the [Feflle right to the left and hydrogen densities(H), from the bottom
lines are indicated by the vertical bars. Note specifically the extinctitt the top, covering a wide range in excitation conditions. The dotted

bump, due to silicate particles, at the position of the [Fell] 1i#® lines identify the area of intensity ratios obtained from planar steady
line. state shock models for shock speegs30-150 km s* by Hollenbach

& McKee (1989) and Hollenbach et al. (1989). The arrow-symbol lo-
cates L1551 IRS 5inthis diagram, assuming a point source for the SWS

etal. (1996). The number of radiative transitions included in ti9gServations. We note that the Hollenbach & Mckee models are calcu-

calculation was 1438. These lines are distributed from the Fllf\‘yed for 1 dimensional, steady state (time independent), non-magnetic

. .__anddissociativd-shocks. The possible failure of these particular mod-
to the FIR spectral regions (0.16 to i) and t.he Igvel energ_lesels may not necessarily impIyFt)hat shock waves are nc?t the main agent
span the rangé& /k = 0 — 9.1x10* K (the ionisation potential ¢ oycitation.
of [Fe Il] corresponds to nearly 1:9.0° K). The collision rate
coefficients were calculated from the work by Zhang & Prad-
han (1995), who provide effective collision strengths for 10 Olihe is at 3500 K above ground and its lower level is the upper
transitions among 142 fine structure levels in [Fe ll]. These desvel of the 5.34:m line, which connects to the ground, and
Maxwellian averages for 20 temperatures in the range 1008K does the 26m groundstate line (8De). The corresponding
to 10 K. SWS data are also shown in the graph, where the emitting re-
No lines of[FeI] or [FeIII] (or of higher ionisation for that gions have been assumed to be much smaller than any of the
matter) have been detected from IRS5, so that our assurapertures used for the observations. These data indicate source
tion that essentially all iron is singly ionised seems reasonaldymperatures to be somewhere in the range of 3000 to 5000 K
justified. We further assume that iron is undepleted in the gaisd gas densities to be aboveBY cm—3.
phase with solar chemical abundance, 4gFe)=3.2<107°
(Grevesse & Sauval 1999). At temperatures significantly belg .
8000 K the gas would be only partially (hydrogen) ionised. I%I'Vl'& [Fe 1l model calculations and results
this case, we assume that the electrons are donated by aburitaatmodel spectrunituned to the SWS observations with the
species with similar and/or lower ionisation potentials. In paparameters of Se¢f. 4.1.1, is shown in Fig. 20. The upper panel
ticular, primarily by Fe and Si plus other metals such as Mg, Adf the figure displays most of the 1438 lines of the computed
Na, Ca etc., so that, ~ 2.5 A(Fe) n(H). intrinsic [Fe 1] spectrum, stretching from the far-UV to the far-
The line intensities were calculated for a range of gas kinetR. This spectrum suffers extinction by the circumstellar dust
temperatures and hydrogen densities and an example of thebedere it reaches the outside observer and is shown in the mid-
sults is presented in FIg.119. In the figure, intensity ratios fdte panel. Scattering by the circumstellar dust is of only low
[Fell]5.34, 17.9 and 26.0m lines are shown. These lines arsignificance for the emission in the mid-infrared but is proba-
connected (see Fig.117): the 17u% and 5.34:m lines originate bly important at near-infrared and shorter wavelengths. In the
from the same multiplet, & e. The upper level of the 17.8n lower panel of Fig. 20, a simple scattering model has been ap-
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1551 IRS5: Model [Fell] line spectra 1
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Fig. 20.The full [Fe Il] spectrum of the discussed computations is digig. 21. SWS observed spectral segments of four [Fell] lines (un-

played, comprising 1438 spectral lines from the far UV to the far IRmoothed raw data) with a constant local continuum subtracted. Super-

Upper: The intrinsic emission model of L1551 IRSBliddle: This posed are the model spectral densitiésin erg cn 2 s~* ypm=1, dis-

spectrum observed through the circumstellar material at IRBer:  cussed in the text. The source solid anglds, . = 8.225<10~ 12

The maximum possible amount of scattered [Fe II] line radiation abazdrresponding to 90 AU which is of the order of the binary orbit (twice

1" off the central source. The dotted horizontal line is meant to aid ttiee binary separation). The instrumental functii, is that of a point

eye. source and scan speed 4 of the SWS; the thick bar indicates the width
of a resolution element

Table 6. [Fell] line optical depths and intensities (Model:

L= = —3 = — . . . . .
Tiin =4000K,n(H) = 10° em™?, log X/(dv/dr) = ~10.46) any uncertainty in the computed extinction curve. It is clear that

future modelling of this source will need to address a wider pa-

Transition r;\] Tline or Cmfg“;,l o1 rameter space, particularly of grain properties - however this is
- — g " beyond current computational capabilities.
21 25.9896 2'251072 1.96x 180 The spectrum of the adopted model (TdHle 6) is shown su-
431:5 giggig i:ggig_z Iig 100 pgrposed onto selef:ted re_gions of the observed $WS scans in
5.4 874126 4.3410° 105¢10-! Fig[21. The theoretical fit is acceptable for most lines, except
6-1 5.3402 1.2%10~% 9.24x10° perhaps for the 24.52m transition which appears too strong in
7-6 17.9379 1.4610°2 3 75x 10t comparison with the observed line. All of the major [Fe II] lines
8-7 245182 1.1510°2 1.20x 10" are thermalised and optically thin, implying that the emission
9-8 35.7731 5.2Q10°3 1.78x10° model can be easily scaled by keeping the param®iekv
10-6 1.6440 5.6210°° 5.79x< 10 constant. For instance, models with higher velocity and lower
17-6 0.7157 1.5810°* 2.36x10° density (e.g. 300 km's' and 5<10° cm~?) or vice versa (e.g.
25-6 0.5160 3.1810°° 2.46x10° 15kms* and 16° cm=3) would still yield the same [Fe ll]

intensities (but would otherwise disagree with the presence or
absence of other lines in the spectrum of IRS 5). The cooling of
plied: the displayed spectrum corresponds to the point (atfoutthe gas in all [Fe I1] lines amounts to a few times 2@, which
off the binary centre) where about 1 % of the emitted spectrisxcomparable to the [O 1] 63m luminosity,2 7x 102 L,. For
is scattered at the efficiencies shown in Elg. 8. The intrinsicaltpmparison, the total luminosity generated by the shocks can
strongest transitions (see also Tdlble 6) fall into the visible ahd estimated asiax Ly = 0.5 v2 my figas no X area ~ 10 L,
near infrared regions of the spectrum and the scattered fractidmere we have assumed a gas compressjon, ~ 102. This
of this emission may be detectable. Polarimetric line imagirmgnounts to about 20 % of the total radiative luminosity of IRS 5
would be helpful in this context, providing valuable insight int¢~ 45 L,, Table[B). The largest uncertainty lies in the value of
the source geometry. This would be of particular relevanceg the dependence of which is cubic. However, the radiative lu-
modelling of the H line emission (cf. Sedi.4.5), and may helpninosity of the IRS 5 system can be expected to be dominated
to constrain the grain properties, which would in turn redud® accretion processes, whereas the shock luminosity is prob-
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ably generated by mass outflows. To order of magnitude, thesajor coolants in hotl{l = 5000 K) gas. It has been previously

estimates would then seem reasonable. suggested to be a shock tracer (Haas et al. 1986). We detect a
As to how the degree of ionisation of the gas, albeit lovilux of 2.35+ 0.3x 10~ > W m~2 from this line. It is of interest

is generated and maintained we have essentially no infornb@-understand to what extent this flux is consistent with the

tion. Dissociation, if initially molecular, and subsequent iorprediction from our model of the central source.

isation through shocks seems a likely option. In any case, Q

one would expect the partially ionised gas to produce fregy, , = =22 jp, Ay ny AL (2)

free continuum emission, with a flux density (in mJy;) = dm

5.44x10" B gg (v, T)Z? T~%° EM exp(—hv/kT)Q.From with obvious notations. The fractional population of the upper

the [Fell] model, the emission measure of the ga&id = level, f,, is obtained from

Jx2n?(H)ds = 6 x 10°cm™ pc, the free-free Gaunt fac- .

tor g (1.4 GHz, 4000K) = 5.0 and the source solid angle, _ _"u _ [1 Aul + ne Qul:| 3)
Q = 5 x 10~ 2 sr. Consequently, we find at 1.4 GHz (21 crr{tu ~ n(SiID) Ne Giu ’

wavelength)S; 4, moa = 3.9 mJy, which is not far from what

e —1
has actually been observed. The Very Large Array (VLA) me&’-hire the collision rate Cl??nStamﬁTe) (c][rﬁhs ),ng_e related )
surements taken in August 1992 by Giovanardi et al. (20 the respective Maxwellian average of the collision strength,

obtainedS; 4, obs = 3.3 £ 0.3 mJy are closest in time to the” T.), by
ISO observations. 8.6287 x 10—6

Recent observations with the SUBARU telescope by Itoh@t = ——— 75— "u (4)
al. (2000) have shown that the optical jet is dominated by [Fe II] Gude

lines, and suggestthatthe extinctionto the jetison avedage and

7 mag. Fridlund etal. (1997) provide observed Huxes for the

entire jet (ground based and HST), viZ(Ha) s = 4.2x10~ 14 I Gu qui €Xp — . (5)
erg s cm? (the working surface, knot D, alone radiates%0 9 kTe

of this flux; this is not contained inside the observed fields of At the2s level, upper limits can be set fé#[Si ] 68.5:m <
view of either the ISO-SWS or SUBARU data). Applying thg; 4 x 10-20 W cm~2 and F[Silll] 38.2um< 3.7 x 10~19

extinction value estimated by Itoh et al. (2000) results in anyy cm~2), whence we can safely assume that essentially all
a (0.6563u:m) extinction of 16°-4x7x079) ~. 165, so that the silicon is singly ionised.n, can therefore be expressed as
intrinsic Ha flux of the observed jetwould bef, =3.5x107'% ¢ A(Si) n(H), where A(Si) is the abundance of silicon with
ergs! e, respect to hydogren nuclei.

The shock models of Hollenbach & McKee (1989) predict Energy levels and Einsteir- values were adopted from
that over the range,,o.x = 40-150 km s' andng = 10°-10°  wjese et al. (1966) and Kaufman & Sugar (1986) and colli-
cm~?; the intensity ratio of k/[Fe Il 26 ym] should be> 30  sjon strengths from Callaway (1994). As for iron, silicon is
—500. Taking the observed value of the 2@ line, F([Fell]  assumed to be undepleted in the central core regions of L 1551

261m)obs = 2x10-12 erg s7! en?, would then imply a ‘pre- |RS 5 and we adopted the solar value of the silicon abundance,
dicted’ Ha flux F(Ha)o > 6x107 1! - 1079 erg s°! cm?. This A(Si) = 3.2 x 105 (Asplund 2000).

exceeds by more than one order of magnitude, the value in- For the values of the model parameters, viz.
ferred for the jet putatively extinguished by 7 magnitudes QLf(H) =100cm 3, n, = 8 x 104cm™3 and T, = 4000K,
visual extinction. the fractional population becomeg, = 0.64. Further,
Since the intrinsic line ratio (b/H/3)o is equal to or larger jn conjunction with Qgouee = 8.2 x 1072sr and
than 3, dust extinction withl, = 7 mag would resultinaline Ay — 90AU, the intrinsic model flux then becomes
ratio (Ha/Hp)c.: > 35 (see, e.g. Appendix B of Fridlund et al.i; ([Si11] 35 um)= 2.2 x 1010 ergcn 25!, Taking the dust
1993). The observed ratio is {(#H(3)o,s = 15 (Cohen & Fuller extinction by the intervening disk into accoumss ., = 4.1
1985), which is significantly smaller than the predicted lowgtig [T8, leads to the predicted estimation of the observable flux,
limit to the line ratio. This would increase the discrepancy evel. f, ...([Si11] 35 um)= 3.6 x 10~ '2ergcnT2s 1.
more. In this undepleted case, the model flux is only slightly
In summary, it is again concluded that the [Fe Il] emissio@rger, by a factor of- 1.5, than the actually observed value.
observed by the ISO-SWS is not dominated by the jet, but {i§e conclude therefore that our model of the central regions in

source is of different origin. That the jet is emitting in [Fell}_1551 IRS 5 is capable of correctly predicting the flux in the
lines has been known for some time and is not new, but the Ie[@in] 35um line. It is likely that most of this emission also

of emission is not sufficient to explain the SWS observationsgriginates in these central regions.

hvy

4.2. Sill 4.3. OH

The sole [Sill] line detected is thieP; , — 2P/, ground state The excitation of OH has been modelled by Melnick et al.
magnetic dipole transition at34.8. It should be one of the (1987), who studied OH emission towards the Orion Nebula.
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Table 7. Summary of IRS 5 H line fluxes

Line A Flux Wm~?2 hinelIgoy  Thermal PDR HighA, C-shock
um ol 172 0’ -172  2000K g 12
H» S(0) 2223 7.9-0.8x107'® 564+0.1x107'® 072 0.93 0.21 0.07 0.06 0.44
Hy S(1) 2122 1.140.1x107'7 6.0£0.1x10°'® 1.00 1.00 1.00 1.00 1.00 1.00 1.00
H»S(2) 2.034 3.9-0.4x10°'® 0.540.1x107'® 0.36 0.1 0.37 0.28 1.13 1.59 0.23
H»S(3) 1958 1.0:1.2x107'" 8.740.1x107'* 0.96 0.93 1.02 0.81 240 232 0.12
H. Q(1) 2.407 2.0£0.1x10°'7 2.340.8x10°'7 1.84 2.67 0.7 158 0.01 0.01 2.43
H: Q(2) 2.413 5.3:0.1x107'® 7.940.2x107'8 0.49 0.23 0.37 0.005  0.49
Ho Q(3) 2424 3.H0.1x107'7 2.748.0x107'7 2.79 0.70 0.71 0.006 0.7
H: Q(4) 2.438 1.3t0.1x10°'7 2.740.3x10°'7 1.2 0.21 0.16 0.002 0.07
H: Q(5) 2.455 1.2£0.1x107'7 5.24:0.5x107'8 1.11 0.59 0.001  0.05

Columns 5 and 6 list the observed flux for various transitions relative t§ (¢ line, for two positions located a) on source and-)’2

southwards along the slit. Columns 7 and 8 contain the line ratios expected, in the absence of any extinction for thermal excitation at 2000 K
(Black & van Dishoeck 1987) and for a PDR model taken from Draine & Bertoldi (1996)#or 10° cm~3, x =10° andT, = 1000 K.

Columns 9 and 10 are the data for the on source~aitd2 southward slit positions, with an extinction correction applied as discussed in
SectlZTH. Column 11 lists values from tieshock modelling of Kaufman & Neufeld (1996) for a 15 km'sshock propagating in a medium

with a pre-shock density, = 10°-5 cm™3,

.5 [TTTT T B e e

L1551 IRSS

. . . P =1
The line which at best detected at a low significance level, cor- Lisol RsS

responds to a blend of thél; , J= 7/2" —5/2~ and?Il, /, J=
7/2= — 5/2* rotational lines at 84.42 and 84.htn respec-
tively (see Figl#). The integrated flux contained in these two
blended lines is 1.5410~'° W cm~2. Other OH lines within
the ISO spectral bands are t?\ﬁl/g J =9/2 — 7/2 transitions
at 55.9um, the®II;,, J = 5/2 — 3/2 lines at 119.3m and the
211, /o J= 3/2 — 1/2 transitions at 1an, for which we set &
upper limits of 3.%x1072°Wcm~2, 2.9x1072° Wem=2 and
5.9x 10720 W cm~2 respectively.
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Water emission has already been observed towards a number

of molecular outflows with the ISO spectrometers (Liseau et al.
1996; Ceccarelli et al. 1999; Nisini et al. 1999). It is alreadyig. 22. UKIRT archive spectrum towards L1551 IRS 5. This intensity
well understood that the presence or absence,@f id a cloud, at the (0,0) position is about three times weaker than the Carr et al.
may be used to trace the shock activity of the gas (Bergin et%mec_trum —butin reasonable agreement since the emission is extended
1998, 1999). We have been unable to identify antémission relative to the UKIRT beam.

from IRS 5 (see Fif.]4), although we seta @pper limit on the

40.69um 430—3y3 line of 3.624- 1.55x10~ 1 W m~2. This is ) )

the most intense water line seen in W Hya (Neufeld et al. 1998y1€ir reporteds (1) flux of 2.8+ 0.3x 10~ 17 Wm~?lies below

No lines were detected towards L1551 IRS 5at 29.8, 31.8, 1741 SWS 2 sensitivity limit at slightly longer wavelengths (the

179.5 and 180.56m, which correspond to strong lines that haveWS spectrum starts at 2:) of 5.6< 10~ Wm™=. In view
been detected from other sources, to uppeugper limits of of the low S/N of the Carr et al. (1987) data, we searched the

21, 26, 4, 6 and 6 T?° W cm~2 respectively (uncorrected for UKIRT archive for a 2um spectrum to confirm the Carr et al.
extinction — see Fig. 18). result. This spectrum is shown in Higl22.

The fluxes in the UKIRT observations are summarised in
Table 7. From the upper limits to the= 0-0 lines, it is possible
4.5. H to set limits on the beam averaged Eblumn densities using

No emission lines were detected from any of the rotational lin88 '€xcitation diagrarh The extinction corrected intensity of
of H,, in the SWS spectrum towards IRS 5. A single detectid! F: line I (v J') is related to the column density of the line,
of thev = 1-0 vibrationally excited (1) line at 2.122:m has N (~'J') by the relationship:
previously been reported by Carr et al. (1987), along with the he

Q-branch lines at 2.407, 2.414 and 2.424, ina 36 aperture. I (V' J') = EVA (W JYN @ T

2.20
Wavelength um

(6)
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50 Tiot ~ 2000 K. However, this limit is dominated by the S/N of
the UKIRT spectra, and is not usefully stringent alone.

Shock models of the Hines have been calculated by a num-
ber of workers. Fot/-shocks, 1D models have been presented
by Brand et al. (1988), Hollenbach & McKee (1989), Burton et
al. (1992), Neufeld & Hollenbach (1994), and f@rshocks, by
Draine et al. (1983), Smith (1991), Kaufman & Neufeld (1996).

The ISOCAM CVF observations of Cabritetal. (1999) made
towards a number of molecular outflow sources show that the
mid-IR H; lines dominate the cooling, and probe rotational tem-
peratures in the range 300—2000 K. In the cases they studied, the
observations were consistent with excitation in low-veloCity
shocks (10-30 km's'), based on the non-detection.bfshock
tracers predicted to be present in the standard shock models
of Hollenbach & McKee (1989), for shock velocities 50
kms~!. From the L1551 IRS5 data set, we set @pper lim-

" Model
45

\ _ -

\ - ~ . _ -7 Half model
extinction

40

In(N(v.J)/9(}))

35

No exticntion

30
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404
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~
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Fig. 23. Rotational temperature plot showing the= 0-0 20 upper . _ _ _ .
limits (solid, dashed and dotted lines) estimated from the SWS d ifs of 2.5<1071> Wm™= _and 3.8<10 _15Wm * on the Nill

and ther = 1-0 detections (black circles witho2error bars) from .64 and Nell\12.81 I|ne§ rgspectlvely. .

the UKIRT data. The SWS upper limits are shown for three cases, 10 Understand the excitation mechanism of the the v

with no extinction, with the extinction inferred from our modelling as- 2-15(1) A2.248 tor = 1-0.5(1) A2.122 ratio has often
described in the text, and for illustration, halving the model extinctioR€en used as a diagnostic. This ratio has values typieally
We have presented the case that th@?H, lines are due to scattered0.1 in shocked regions and molecular outflows, an@.6 for

light —thus the column densities estimated from thelbixes givenin pure fluorescence. However, Draine & Bertoldi (1996) show
Table 7 are plotted without any correction for extinction or scattering.#hat in dense PDRs, thermal collisions can transfer the lower-
line representing a rotational temperature of 2500 K has been overlgige| population ¢ < 2) towards LTE conditions, so that the
on the 2um lines, along with b error bars. The b column density |ine ratios approach those in shocked regions. Observational

: g wit pars. 1he 1 denst
determined from the vibrationally excited lines istf.1 107 cm . tudies (Usuda et al. 1996; Takami et al. 1999) seem to confirm

The vector in the lower left of the figure shows the expected slope of the t this mav indeed be the case. In one example. the case of
data for rotational temperatures of 300 K —van den Ancker etal. (19 y ’ P'e,

have shown that Hrotational temperatures lie in a narrow range fro e shocked region closg to Orion KL, the ratio vapes bgtween

200-500K for a wide range of UV illumination in PDRs, andjn ~ 0-1 @nd 0.2 over a wide range of= 1-0.5(1) intensity,

shocks, but can range upto1500 K inC-shocks. Most ground-basedWhereas in a typical dense PDRs such as the Orion Bright Bar,

studies of the near-IR lines ofhave inferred rotational temperatureand the reflection nebulae NGC 2023 and NGC 7023, the ratio

~ 2000-3000K. varies betweer 0.2 and 0.6, and shows a clear anti-correlation
with ther = 1-05 (1) intensity. In L1551, the 2 upper limit

wherev are the wave-numbers (Dabrowski 1984) ahgl’ j/) On ther = 2-15(1) A2.248 line is 9.k10"**Wm~2, and

are the transition probabilities for the various transitions, také&e v = 2-15(1) A 2.248 tov = 1-05 (1) A2.122 ratio is<

from Turner et al. (1977). The column densities are then cofr11. Thus the ratio appears to be inconsistent with fluorescent
pared with those predicted for a thermal distribution chara@xcitation, even allowing for thermal collisions. This conclusion
terised by a rotational temperatufe, since the rotational pop- IS consistent with the lack of an obvious ionising source in the
ulations of a given vibrational level can be approximated by&ntre of L1551. Although no firm conclusions can be reached

thermal distribution: on the basis of the line ratio data shown in Tdlle 7, we can rule
BT out (a) low density ¢y, ~ 10* cm~2) shock models and (b)
N/ J")/g; o exp (_ ) (7) that the B emission is seen through more than two or three
kTror magnitudes of visual extinction (because %1€2) and.S (3)

In this relationship the terms are the degeneracies of the trandines, which suffer from the highest extinction, would become
tions,g; = (2J + 1) for evenJ (para-H) andg; =3 (2J + 1) for 100 bright relative to any of the models). It thus seems most
odd.J (ortho-H,), and theE (v’ J') terms represent the energyikely that ther = 1-0 H, emission is seen in reflection.
of the ¢/ J') level. Thus the rotational temperature can be esti-
matgd fromtheinverse ofthe slope of a plohof N (u’..]’)/gj) 4.6. CO vibrational bands
againstE (v’ J')/k, correcting for an ortho/para ratio of 3:1.

It is clear from Fig[ZB that the = 0-0 lines are far less The CO absorption against IRS 5 has been previously studied by

affected by extinction than the= 1-05 (1) lines. We can infer Carr et al. (1987) although the new UKIRT data presented here
from the 2o upper limits that the extinction to the = 1-0 have higher sensitivity and spectral resolution. The data shown
S (1) emitting gas must bs 80™ — otherwise we should havein Fig.[24 are fitted by a gas temperature of 2500K, Doppler

detected emission in the= 0-0S (6) or S (7) lines, assuming Width of 5kms™!, and CO gas phase column density efif*’

that the rotational temperature is characteristic of many source€¥, %



760 G.J. White et al.: An infrared study of the L1551 star formation region

1o T T T T T T

" T L1551 HH 29
L1551 IRS5 CO Bandhead ‘

T
= 2500K Av = 5 km s’ 16

— 6 x 10° cm~2 4.0x10

Tex
NCD\

30x10718

2.0x10718

0.90

1.0x10719

Optical Depth

Intensity (w/cm~2/um)

o

0.80

—1.0x1071°

o
s]
s b M T e 1

0.70

2.28 2.30 2.32 2.34 2.36 2.38 2.40 —2.0x10~ "9
Wavelength um

S I U B B
60 80 100 120 140 160 180
Wavelength (microns)

41

S

Fig. 24.CO gas modelling and ISO observations of IRS 5. For the upper )
pane, a model witl. = 2500 K and Doppler widthp =5kms ' was 19 25.HH 29 baseline subtracted spectrum.
run. The best fit column density >@0?° cm~? is shown. Such high .
temperatures are needed to excite the CO bandhead, and to give tHe
correct relative intensity ratios between the lines. The data and model
have a resolution of 500.

150

4.7. CO rotational lines

It was not possible to detect rotational molecular CO line emis-
sion in any of the spectra. For the lowektransitions towards 2 '@
L1551 IRS5, we set 2 upper limits for theJ =14-13 and
J=15-14lines of 4.310°'"Wm~2 and 1.3%10 ' Wm—2

for L1551 IRS 5 and HH 29 respectively. L1551 appears unlike
many other outflow sources, which are rich in shock excited CO
line emission. "

Intensity

o) T S T O S I

4.8. 01 50 80 100 120 140 160 180

Wavelength (um)

Towards L1551 IRS 5 the Ol 63um flux is observed to be moggy 26 Lws Spectrum of L1551 NE.

intense than along the flow, which indicates that the emission

is intrinsic and not due to the diffuse PDR. If the emission was

due to the jet, then the mass loss ratei8.6x10~" Mo yr='  4.10. L1551 NE

(using the relationship from Hollenbach 1985), which is very ) )
similartothe~ 10-6 M, yr—! derived from this source by otherAred 6L source has been reported lying close to IRS 5, whlch
measurements. Along the flow it is likely that the Ol emissidh@S become known as L1551 NE (Emerson et al. 1984). This
comes from shocks in the outflows more than from diffuse PDROUrCe has been imaged by Draper et al. (1985) and Campbell
particularly towards HH29, L1551 NE and on the b1,b2 and 34551 NE was the source of a second outflow close to IRS 5, and
positions, which are associated with peaks of C emission in fféPSequent observations by Devine et al. (1999) indicated that

Snell (1988). HH454. Observations of the continuum towards L1551 NE were

also made, and are shown in Higl 26. This spectrum shows little
evidence of any line emission, other than reported in Table 1.

4.9. HH 29

A deep (2 hOUI’) observation with the LWS was also made C%'ll Other locations a|0ng the outflow

tred on the location of HH 29. The baseline subtracted (fittin ) .
a low order polynomial to the continuum level) spectrum i@bservations atanumber of other locations along the molecular

shown in Fig. 24, and is devoid of line emission, except for tt¥tflow, revealed no emission apartfromweak Clland O llines,
O1163.2and CI\157.7 lines as listed in Tabl@ 1. and will not be further discussed here.
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5. Conclusions which are outside the range considered by Hollenbach &
McKee. However, as explained in 4.1.1 4.1.3, the overall
energy budget and observed densities place stringent limits
on possible shock models, leading us to explore other mod-
els. An alternative explanation has been examined where the
[Fell] gasis hot & 4000 K) and denseif;, = 10° cm™3).
Although this provides an acceptable fit to the relative line

Observations have been made towards the two well known in-
frared sources L1551 IRS 5 and L1551 NE, and at a number of
locations in the molecular outflow, using the LWS and SWS

spectrometers on the ISO satellite, and several other near-IR
telescopes. The present work possibly adds to the complexity

by unveiling a plethora of unexpected phenomena, such as e'g'intensities, it provides no constraints as to the precise heat-

the occurence of significant extinction at mid and far infrared ing mechanism of the gas — although it seems likely that it

wavelengths and the existence of dense and hOt regions (the.zr'would have to occur very close to the root of the outflow. The
mally stable?) over extended scales. The main results of this

study are; lack of detection on Be A\ 4.052 or Bry A 2.626, and the
' known low surface temperaturg,; ~ 5500 K) of the cen-

1. The ISO LWS spectrum consists of a relatively strong con- tral protostellar object argue against efficient excitation in a
tinuum, superposed with a few weak lines of OI, Cll and high UV field environment, making shocks the most likely
possibly OH. Emission from other species such as CO or Way to explain the [Fell] and [Si ll] emission intensities.
H,O was not detected. This might indicate that either thé. The SWS observations did not detect any emission from
molecules have been destroyed, perhaps in a shock, or thatotationally excited H. Observations with UKIRT of the
the environment is unable to excite them to emit in the far Vibrationally excitedS and@-branch lines were consistent

and near infrared. with the gas having an excitation temperature-c500 K.

2. The I1ISO SWS spectrum of L1551 IRS5 contains solid Given the likely opacity to the central source which was
state absorption lines of CO, GCH,0, CH; and CH,OH, predicted in our modelling, itis unlikely that we would have
which correspond to column densitiese?.7x 108 cm~2, detected emission due to this hot gas component. Similarly,
5.4x10'7 cm™2, 7.6x10'% cm~2 and 2.6<10'® cm~2 re- there was no evidence of lower temperature5Q0 K) gas,
spectively. as has been inferred towards many other sources.

3. Examination of archival HST NICMOS images reveals 8- Observations with UKIRT of the CO absorption bands close
diffuse conical shaped nebulosity, due to scattered light from t0 2.4um are best fit with gas temperature2500 K, and
the central object, with a jet emanating from L1551 IRS 5. It & column density~ 6x 107 cm™2.
is likely that the emission in this jet-like feature is dominate®. Evidence for dense (coronal and higher densities) and hot
by [Fe ] lines. (at least 2500 K up to perhaps 5000 K) gas is manifest in
4. The continuum spectral energy distribution has been mod- @ multitude of observables; a) the overall SED, b) the CO
elled using a 2D radiative transfer model. The continuum bands, c) for a ‘normal’ [COJ/[k] = 8 10~7, the implied

is well fitted for a central source luminosity of 45, sur- H. colum density N(H) = 6 16°/8 10° = 8 1¢** ~ 10°°
rounded by a flared disc with an opening angle of. 3he cm* for gas at TR 2500 K, d) the H emission (presence of
outer parts of the torus extend to a distance & 10* AU, rovibrational emission and absence of pure rotational lines)
and has a total (gas + dust) mass-0f3M,. The extinc- e) the [Fe II] spectrum, and f) that the Sill 35 micron is also
tion towards the outflow is estimated to Be ~ 10 and consistent with this gas.

the mid-plane optical depth to L1551 IRS5 to 4e120. Although each of these individual pieces of evidence may
This model provides a good fit to the ISO data, as well as have several interpretations, we argue that the combination
the available HST/NICMOS data, mid-IR maps, submm in- Of them all makes it highly likely that such a hot and dense
terferometry, and ground-based photometry with a range of gas phase is present. The problem as how to produce and
different aperture sizes. to maintain this region (which has not previously been pre-
5. Onthe basis of the above model, an extinction curve has beensented in the literature elsewhere) is beyond the scope of
estimated, which shows that the emission at wavelengths the present paper. Our simple modelling is based on steady
shorter than- 2 um is due to scattered light from close to ~ State assumptions about processes which are most proba-
L1551 IRS 5, while at wavelengtis 4 um, is seen through ~ bly highly dynamic in nature. Any attempt to provide an
the full extinguishing column towards the central source. €Xplanation(s) would at the moment be based on pure spec-
This need to be taken careful account of when comparing ulation, and so we instead indicate the need for extensive
line intensities at different wavelengths. theoretical work, which is beyond the scope of the present
6. Three [Fell] lines were detected in the SWS spectrum to- observational paper.
wards L1551 IRS 5, with a fourth line at 1.5¢, and upper 10. Observations ata number of other locations along the molec-
limits on several others. Although itwould seem at first sight ular outflow, and towards the Herbig-Haro object HH29,
that shocks would be the most likely source of excitation in revealed no emission apart from weak Cll.and Ol lines.

a known shocked region such as this, the line intensities gg(nowbdgememghe Second Palomar Sky Survey (POSS Il) was
not fit the predictions of simple shock models. The problefade by the California Institute of Technology with funds from the
with such shock interpretation of the [Fe II] lines is that thRational Science Foundation, The National Geographic Society, The
line ratios and strengths imply densities and temperatui®isan Foundation, The Samuel Oschin Foundation, and the Eastman
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