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Abstract. Submillimetre HCO*(J = 4 — 3) mapping observa-
tions of the immediate environs of the infrared source IRS 7
in Corona Australis have provided corroborative evidence for
the existence of the rotating molecular disk detailed in our ear-
lier paper. An improved estimate of 0.8 M, for the mass of the
central protostar is obtained.
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1. Introduction

Anderson et al. (1996, hereafter Paper I) detected a large molec-
ular disk around the protostellar object IRS 7 in Corona Aus-
tralis. Also revealed were a dense, bipolar molecular outflow
originating from close by IRS 7 plus a dense, quiescent core
located in the disk’s foreground. The observations indicate that
the blueshifted lobe of the bipolar outflow is interacting with
the foreground core. The authors further suggested that the disk
system is accreting material from the foreground core.

The disk’s morphology and the mass of central protostellar
object were derived from HCO*(J = 3—2)and C'30(J =2—1)
1.3 mm observations conducted with the 15-m Swedish-ESO
Submillimetre Telescope (SEST). Although the disk is large
with a major axis length in excess of 6 000 AU, corresponding
to 46" at the cloud’s distance 130 pc, it was only marginally
resolved along its major axis and unresolved along its minor
axis leading to uncertainties in the derived disk parameters.

From its mid to near-IR spectral energy distribution (Wilk-
ingetal. 1986), IRS 7 has, adopting the definition given by Lada
(1987), an IR spectral index of ~ 3. According to this classifici-
cation scheme IRS 7 can thus be categorized as a Class I source:
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a deeply embedded, evolved protostar which has already ac-
creted much of its final stellar mass (André & Montmerle, 1994).
Recent ASCA satellite X-ray observations over an energy range
0.5—10keV by Koyama et al. (1996) and centred on the Coro-
net cluster (Taylor & Storey, 1984) have yielded some intriguing
results. IRS 7 is identified as the likely source of the hardest and
most intense (L[0.5 — 10keV] = 1.17 x 10*' ergs™') X-ray
emission in the region. Furthermore, the X-ray flux from this
source was observed to increase by at least a factor of 3 dur-
ing a flaring event which lasted for some 5 days. The positive
identification of a Class I protostar as a hard X-ray source is
significant: Although Class II and III objects, corresponding re-
spectively to embedded and naked T Tauri stars, are thought to
radiate X-rays as a result of enhanced, solar-like magnetic field
activity no convincing explanation has yet been formulated to
account for the X-ray emission from younger Class I sources.
Proposed solutions include nonmagnetic heating by accretion
shocks (Casanova et al. 1995) and increased protostellar mag-
netic field activity. Whether these magnetic fields are produced
by the dynamo mechanism or whether they can be identified
with fossil fields from the progenitor molecular cloud is uncer-
tain (Montmerle et al. 1993).

Continuing from the previous work presented in Paper I, we
have mapped the disk and its vicinity in the J = 4 — 3 transition
of the formylion, HCO*, at 0.8 mm using the SEST. The purpose
of these observations was to elicit higher spatial resolution data
on the velocity structure of the disk and, thereby, to improve
upon our earlier estimate for the mass of the central protostar.

The plan of the paper is as follows: In Sect. 2 we describe
the observations and in Sect. 3 we discuss the analysis of the
data. In Sect. 4 the results are presented and in Sect. 5 these
results are discussed. We close with our conclusions in Sect. 6.

2. Observations

The observations were conducted during June 1994 using the
SEST on La Silla in Chile. The J = 4 — 3 transition of HCO*
at 356734.49 MHz was observed by means of a 0.8 mm SIS
receiver which was operated in the frequency switching mode
with a throw of 21 MHz. The spectrometer used was a high
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resolution, 2000 channel AOS with an 86 MHz bandwidth and
aresolution of 80 kHz. The single sideband receiver temperature
was typically ~350 K. The half-power beam width and the main
beam efficiency of the telecope at the frequency observed are
15" and 0.25, respectively.

Calibration was achieved by the chopperwheel method
and was checked by measuring CO(J = 3 — 2) emission
at 345795.975 MHz towards the circumstellar envelope of
IRAS 15194-5115. This evolved star was also used for pointing
and focusing. We estimate the relative pointing accuracy to be
5”. The absolute pointing is discussed in Sect. 5.

The weather conditions during the run were good and IRS 7
was observed only at elevations above 50°. The atmospheric
opacity and the system temperature were in the range 0.45 to
0.9 and 700K to 1400 K, respectively.

A region 60" x 60" was mapped with a 12" spacing amount-
ing to 56 observation points in total. The map was centred on
IRS 7 (a1950.0 = 18"58™3350, 61950.0 = —37°01’43") and was
tilted by 45° with respect to the o and ¢ axes.

3. Analysis

All of the observed spectra are shown in Fig. 1. Itis evident that
there are substantial self-absorption features present in many
of the spectra located to the south of IRS 7. This immedi-
ately complicates the analysis as can readily be appreciated
from the HCO*(J = 4 — 3) integrated intensity map shown
in Fig. 2. The disk-like structure which was so apparent in the
HCO*(J = 3 — 2) integrated intensity map (see Paper I, Fig. 6)
is not nearly as discernible in the HCO"(J = 4—3) integrated in-
tensity map. Rather than the principal integrated intensity max-
ima being located symmetrically either side of IRS 7 as previ-
ously, the maximum is now located towards IRS 7 itself.

Attempts to fit the spectra located to the south of IRS 7 with
two positive Gaussian components proved to be unsatisfactory.
A much better fit was obtained by superposing a positive and
a negative Gaussian. This suggests the presence of strong fore-
ground absorption due to an excitation temperature gradient
along the line of sight. However, the assumption that the lines
are Gaussian may not always be justified so a more rigorous
treatment, based on the model outlined below, was employed.

Consider two contacting plane parallel homogeneous layers
at different excitation temperatures. Let the excitation temper-
ature of the background and foreground layers be 7} and 75,
respectively. In what follows all the physical parameters associ-
ated with the background layer are denoted by the suffix 1 and
those parameters associated with the foreground layer are de-
noted by the suffix 2. If it is assumed that a) LTE holds in each
layer; b) the effect of scattering is negligible; c) the continuum
radiation incident upon the rearmost surface of the background
layer is Planckian with a temperature Ty, and d) the background
continuum level changes little over a typical linewidth, then it
can readily be shown that the measured antenna temperature
17, as a function of radial velocity v, is given by

Ti) = nTo {[F(T)) — F(Ty)l(1 — e~ ®)e~ ™0
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Fig. 1. The HCO*(J = 4 — 3) spectra. The map is centred on IRS 7.
Note that the map has been rotated clockwise through 45° such that NW
is up and NE is left. The velocity range and antenna temperature range
for each of the spectrais 0 — 10kms™' and —1 — 5K, respectively.

+[F(T2) — F(Th)l(1 — e ™)}, (1

where 7) is the source-beam coupling efficiency, Ty = hig/k
with v the rest-frame frequency of the HCO*(J = 4 — 3) tran-
sition, Tt is the (cosmic) background radiation temperature,
and 7, and 1, are the optical thicknesses of the background and
foreground layers, respectively. The function F'(T") is defined
according to

1

FO)= pp - 2)

By making the further definitions

Th,(woi) =nTo {F(T) — F(Trp)} {1 —e ™}, i=1,2 ()

the antenna equation may alternatively be expressed as

. . 1 — e T ()
Ty() = T, (vor) ( ) e ™

1 — e~

_ o= 7(v)
¢ ) )

1
+T7, (vo2) ( | — o=
Physically T} (vo1) is the line centre antenna temperature which
would be observed in the absence of the foreground layer whilst
T, (vo2) is the line centre antenna temperature which would be
observed in the absence of the background layer.

The functional form for the optical depths 7;(v) and 7 (v)
in Eq. (4) is general. For our calculations we assumed that the
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Fig. 2. The integrated intensity of HCO*(J = 4 — 3) emission in
the LSR velocity range 0 — 10kms ™. The contour levels are from
3 — 14Kkms™ ! in increments of 1 Kkms™!. The position of IRS 7
is marked by a star. The locations of R CrA (right) and T CrA (left)
are marked by crosses whilst the locations of HH104A & B (left) and
HHO98 (right) are marked by squares. The beamsize is indicated in the
top left of the figure.

intrinsic line profile shape is Gaussian and, therefore, the optical
depth may be expressed as

41n2 (v — vg;)? .

A i=12, 5)

?

7;(v) = To; eXp {—

where 7y is the line centre opacity, vy; is the line centre velocity
and Av; is the intrinsic FWHM. The observed FWHM is related
to the intrinsic line width and the line centre opacity by e.g.
Eq. (3) in Phillips et al. (1979).

To appreciate the nature of the antenna temperature equation
consider the simplified scenario in which the peak optical depth
of each layer along the line of sight occurs at the same velocity,
vg. At this velocity Eq. (4) then reduces to

Th(vo) =T, (vo) e~ ™ + T3, (vo) - (6)

For the foreground layer to produce an absorption feature in the
observed spectral line, the inequality 773 (vo) < T3 (vo) needs
be satisfied. By Eq. (6), this requires that

T, (vo)

TAI(UO) > 1 _ e_T(J2 .

(N
Evidently, if both 77 (vo) and T'; (vo) are positive, this condi-
tion is more likely to be satisfied when the foreground layer is
optically thick rather than when it is optically thin. Note, how-
ever, that the inequality will always be satisfied, masering effects
excluded, when le(vo) > (0 and T};Z(vo) < 0.By Egs. (2) and
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(3), this necessitates that 75 < T;,, < T7. Such an outcome is
possible if the source of the background radiation is other than
the cosmic background. This is conceivable nearby IRS 7 as the
region is a known source of continuum radiation (e.g. Brown
1987 and Henning et al. 1994).

As the background and foreground layers may be either
optically thin or optically thick, there are 4 possible optical
depth combinations and each needs be considered:

1) Background optically thick, foreground optically thick

The antenna equation is prescribed by Eq. (4) with the optical
depth given by Eq. (5). There are 8 free parameters in total:
T3, (or), To1, vo1, Avy, T3, (Vo2), Toz, vo2 and Avy.

2) Background optically thin, foreground optically thick

The antenna equation becomes

2
Tiw) = T;(vm)exp{—“nz(” o) —n(v)}

Av?
. 1 —e @
+1'4,(v02) ( R ) : ®)

There are 7 free paramaters, 7y, having become redundant.

3) Background optically thick, foreground optically thin
The antenna equation becomes

41n2 (v—w(p)?

>+T22(7}02)6 A% (9)

—T1(v)

1 —
T(v) =T, (vor) ( | —

e~ 7ol

There are 7 free parameters, 7, having become redundant.
4) Background optically thin, foreground optically thin
The antenna equation becomes

4n2 (v —vg)?

Ti)=Th (woe "

A2 (w— von)?
+Th (v)e 2% . (10)
There are 6 free parameters, 7o; and 7y, having become redun-
dant. From Eq. (10) it can be seen that the oft-employed method
of subtracting one Gaussian line from another to model a line
exhibiting self-absorption can be physically realised only when
sz(voz) < Oi.e. whenT> < Ti,.

For those lines exhibiting an absorption feature a least
squares fit to each of the 4 possible combinations above was
made. Each fit was scrutinised by eye and those with implausi-
ble parameter values were excluded. Of those that remained, the
selected fit was that with the lowest X2. For those lines which
did not have an absorption feature both an optically thin (3 free
parameters) and an optically thick (4 free parameters) single
profile fit was made. Again, the parameter values chosen were
those which gave the lowest X?>. A montage of 4 typical line
profiles and their best fits is shown in Fig. 3.

4. Results

From inspection of the line profiles in Fig. 1 it can be appreci-
ated that, if the regions surrounding an absorption feature are
ignored, none of the spectra exhibit gross asymmetries about
a central velocity axis. Thus, although the central part of the
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Fig. 3. Representative spectra and their best fits. The offset of each spectrum, in arcseconds from IRS 7, is given in the top right of each frame.
The full lines represent the fit to the observed spectrum whilst the dotted lines denote the emission (background layer) and absorption (foreground
layer) line profiles. The adopted upper bound for optically thin emission is 0.01.

spectrum may be ‘contaminated’ by an absorption feature it is
possible to determine the line centre velocity vg; with consider-
able confidence. The same reasoning can also be applied to the
determination of the line centre velocity, vg,, of the absorption
line profile. However, for the remaining line parameters there is
no such symmetry check so their derived values must be treated
with a good deal more caution. Consequently, we concentrate on
the results which can be derived from the line centre velocities.

The radial velocity distribution of the emission line com-
ponent is shown in Fig. 4. To the northwest of IRS 7 there is a
compact, elongated region of blueshifted emission whilst to the
south and southwest of IRS 7 there is a more extended region
of redshifted emission. The former feature, which is localized
around the offset (—8.5”,+8.5"), is coincident, within point-
ing uncertainties, with the approaching side of the molecular
disk detected in the previous HCO*(J = 3 — 2) survey (Pa-
per I). The most redshifted material, located towards the offset
(8.5, —25.5"), is coincident with what was termed the ‘south-
ern extension’ in Paper 1. The source of this emission was postu-
lated as being a stream of gas flowing from the dense, foreground
core to the receding side of the molecular disk. The region to-

wards the offset (+12”, —4"") is strongly redshifted though there
is no clearly delineated counterpart to the redshifted side of the
molecular disk that was observed in HCO*(J = 3 — 2) (see
Fig. 6 in Paper I).

For comparitive purposes the HCO*(J = 3 — 2) line cen-
tre velocity, determined by precisely the same method as was
employed for the HCO*(J = 4 — 3) data, is shown in Fig. 5.
Though the spatial resolution is slightly poorer on account of
the larger beamsize, there is considerably less evidence of the
disk’s structure than can be explained by this fact alone. Pos-
sible reasons for this are, firstly, that as the critical density for
the HCO*(J = 4 — 3) transition is ~ 3 x 10’ cm™3, roughly
3 times that for the J = 3 — 2 transition!, the J = 4 — 3
emission better traces the velocity extrema close to the central
protostar, IRS 7. A second possible explanation lies with the
foreground material located southward of IRS 7. Since there is
strong HCO*(J = 3 — 4) absorption in this region there will
also be strong J = 3 — 2 emission. Though this emission is not

' These critical densities are obtained by using a dipole moment of

4.48 D from Haese & Woods (1979) and collisional rates from Green
(1975).
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Fig. 4. The line centre velocity of the HCO*(J = 4 — 3) emission
line component. The light regions represent blueshifted gas whilst
the dark regions represent redshifted gas. The contour levels are from
4.4 — 6.0kms™ " in increments of 0.1 kms~'. The markers have the
same significance as in Fig. 2.The beamsize is indicated in the top left
of the figure.

strong enough to noticeably affect the total integrated line inten-
sity it may have the effect of smoothing out velocity gradients
in the region by forcing the line peak velocity towards that of
the foreground material.

A statistical analysis of the line centre velocity of a sample of
16 spectra exhibiting clearly defined absorption profiles shows
that the mean velocity of the foreground layeris 5.7 km s ~! with
a standard deviation of 0.1 km s~! whilst the mean intrinsic and
observed FWHM of the profiles are 0.8 kms~! and 1.1 kms™!
with standard deviations of 0.3kms~! and 0.1kms~', respec-
tively. The typical central velocity of the HCO*(J = 3 — 2)
emission south of IRS 7 (see Fig. 5) is in the velocity range
5.6 — 5.8 kms~! which is comparable to the typical velocity
of the foreground layer. This supports the latter notion above.

Although there are noticeable differences between the ve-
locity contour maps presented in Figs. 4 and 5 they do, however,
exhibit the same large scale velocity gradients. Furthermore, the
blueshifted outflow, which originates from somewhere close to
IRS 7, is clearly defined in both maps towards the Herbig-Haro
objects HH104A & B eastward of IRS 7.

5. Discussion

The absorption features are markedly deeper in the HCO*(J =
4 — 3) spectra then in the J = 3 — 2 spectra indicating that
the optical thickness of the J = 4 — 3 transition is higher than
that for J = 3 — 2. In LTE the optical thickness ratio of two
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Fig. 5. The line centre velocity of the HCO*(J = 3 — 2) emission
line component. The light regions represent blueshifted gas whilst
the dark regions represent redshifted gas. The contour levels are from
3.8 — 5.6kms™" in increments of 0.2 kms™'. The markers have the
same significance as in Fig. 2. The beamsize is indicated in the top left
of the figure. The data are from Paper L.

transitions v — v — 1 and [ — [ — 1, as a function of the
excitation temperature 7, is approximately

JuBE/Te _
Tu—u—1  Ju o~ 1t D= T+ 1B /2Te) © T

1
Ji enm /T — 1 (D

Ti—l—1

where E| = hvyo/k equals 4.28 K for the HCO* molecule.
Specifically, for the J = 4 — 3 and J = 3 — 2 transitions the
optical depth ratio is given by

4B /T _ |

T3 46—4E1/Tex e

. 12
T3—2 3 eSEl/TeX -1 ( )

This ratio exceeds unity when T is greater than about 26 K.
This implies that the gas responsible for the J = 3 —4 absorption
feature is relatively warm.

From inspection of Figs. 1 and 4 it can be discerned that
those spectra which exhibit the strongest self-absorption fea-
tures lie towards the redshifted side of the molecular disk and
towards the redshifted southern extension, termed the accretion
stream in Paper 1. The presence of a shock in this region, most
likely attributable to accretion, is suggested by the detection
of SiO(J = 2 — 1,v = 0) emission, as presented in Paper L.
The relatively warm gas causing the self-absorption features
may be heated by the accretion shock. An alternative heating
mechanism is ionization and subsequent heating due to X-rays
produced by magnetic field activity (Montmerle et al. 1993)
close to the surface of IRS 7.

For the HCO"(J = 4 — 3) spectra which exhibit strong self-
absorption features, the line centre velocity and FWHM of the
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Offset (")

Fig. 6. The line centre velocity of the HCO*(J = 4 — 3) emission line
spectra along a strip with position angle 135° passing through IRS 7.
The intersection of the dashed lines marks the antisymmetry centre of
the inner four points whilst the full line denotes a model fit to the same
four data points. Details of the model are given in the text.

H"3CO*(J = 1 — 0) emission are 5.5 kms~' and 1.1 kms™!,
respectively. These values are comparable to those for the
HCO*(J = 4 — 3) absorption profiles indicating that the self—
absorption features are probably caused by the dense, quiescent
foreground core mapped in Paper I. The density of the fore-
ground core can be somewhat lower than the critical density of
the HCO*(J = 4 — 3) transition if it is optically thick.

Failure of the HCO*(J = 4 — 3) observations presented
in Fig. 4 to resolve the redshifted side of the molecular disk
can be attributed to the low velocity dispersion between the
southern extension and the redshifted side of the disk. From the
previous HCO*(J = 3 — 2) observations detailed in Paper I,
the velocity dispersion was found to range approximately from
1 — 2.5 kms~!. As Fig. 4 maps the velocity, rather than the
integrated intensity as in Fig. 6 of Paper I, this low velocity dis-
persion between the redshifted features results in their being
unresolved. The redshifted region to the northeast of the south-
ern extension can, therefore, be ascribed to the redshifted side
of the molecular disk.

An estimate for the mass of the central protostar can obtained
from the NW-SE directed velocity gradient. The line centre ve-
locities of the emission line component along the strip with
position angle 135° passing through IRS 7 are plotted in Fig. 6.
The intersection of the dashed lines marks the antisymmetry
centre of the inner four points and is located at an offset of 6”
and v sg = 5.38 kms™!. The outer four data points approach
the average LSR velocity of the cloud.

From the data presented in Fig. 4 it can be deduced that the
semi-angular size of the disk is between ~ 18" and ~ 30”. This
corresponds to a physical radius of between 2 300 and 3 900 AU
at an assumed distance of 130 pc (Marraco & Rydgren 1981).
This bound on the disk’s radius is consistent with that derived
from the HCO™(J = 3 — 2) data presented in Paper 1.

In order to estimate the mass of the central protostar the line
profiles towards an edge—on Keplerian disk were calculated in
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the same manner as described in Paper I (Sect. 6.3). The outer
radius, R, was assumed to extend out to 3 000 AU or 24" from
the central protostar. The disk was assumed to be isothermal.
The best fit to the observed velocity pattern close to IRS 7 was
obtained by setting the central mass to 0.8 M, the inner radius
to 0.1 Ry and the density power law to n(r) = ney 7 2. The
peak velocities resulting from Gaussian fits to these modelled
spectra are presented as the full curve in Fig. 6. As the disk was
assumed to be edge—on, the figure of 0.8 M, represents a lower
bound to the mass of the central protostar.

The LSR velocity of 5.38 kms~' derived from the
HCO*(J = 4 — 3) data is close to the value of 5.30 kms™!
obtained from the C'80(J = 2 — 1) data in Paper 1. However,
the positions of the spatial asymmetry centres are quite differ-
ent. The position offset derived from the the C'80(J =2 — 1)
Gaussian velocity data was about —6".

The 12" separation between the antisymmetry centres de-
rived from the HCO*(J = 4 — 3) and C'80(J = 2 — 1) data is
large and cannot be understood entirely in terms of the differ-
ent physical conditions traced by these transitions. It should be
noted, however, that the absolute pointing of the HCO(J = 4—3)
datais less accurate than for the earlier 1.3 mm observations due
to the absence of suitable 0.8 mm pointing sources in the neigh-
bourhood of IRS 7. Therefore, the HCO(J = 4 —3) map may be
shifted by ~ 6 — 12" to the northwest with respect to the fixed
markers. Such a shift would also bring the Herbig-Haro objects
HH104 A & B closer to the blueshifted outflow maximum on
the eastern edge of the map.

6. Conclusions

The present HCO*(J = 4 — 3) observations augment our previ-
ous study of the dense molecular gas component near IRS 7.

The location of the blue and redshifted HCO*(J = 4 — 3)
emission correlates well with the location of similarly Doppler
shifted HCO*(J = 3 — 2) emission: the molecular disk, the
southern extension and the blueshifted outflow.

The HCO*(J = 4 — 3) data provide confirmation of the low
velocity dispersion between the redshifted side of the molecular
disk and the southern extension. This supports the notion that
the southern extension is physically connected to the receding
side of the molecular disk and does not represent outflow from
the central source. The presence of the strong self-absorption
features in the spectra southward of IRS 7 confirms the pres-
ence of a dense foreground core in the direction of the southern
extension.

The velocities of the HCO*(J = 4—3) emission lines display
an antisymmetric pattern along the molecular disk axis. The
position of the antisymmetry centre is not coincident with IRS 7
and it is different from the location derived in our previous
study, although the central velocity is roughly the same. We
suggest the discrepancy between the locations can be attributed
uncertainties in the pointing.

Assuming that the molecular disk is Keplerian and viewed
edge on, an estimate of 0.8 M, for the mass of the central ob-
ject is obtained. This mass is consistent with the lower limit of
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0.6 Mg, derived from the earlier HCO*(J = 3 — 2) measure-
ments.
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