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Abstract. The goal of the IRAM key-project “Small-scale structure of pre-star forming regions” is to map three
nearby (d ~ 150 pc), quiescent molecular clouds with a high angular and spectral resolution to study the molec-
ular cloud structure down to the smallest linear scales currently accessible by single dish radio telescopes. Here,
we give a detailed discussion of the influence and the correction of the error beam pick-up. A new set of corrected
data is presented using the beam pattern parameters of the IRAM 30 m telescope recently published by Greve
et al. (1998). For the correction we use observations made at lower angular resolution with the KOSMA 3m
telescope. Smeared to the resolution of the error beam, they provide an estimate of the pick-up therein. The error
beam pick-up accounts for a significant fraction of the observed intensity in the key-project maps: on average
31% to 50% for the 2CO J =2 — 1 maps, 10% to 35% for the *CO J = 2 — 1 maps, and 16.5% in the 2CO
J =1 — 0 map of MCLD 123.5+24.9. In addition, the line profiles are significantly modified by the error beam
pick-up. The large data set available with the IRAM key-project allows us to investigate the accuracy of the
correction method and its limitations in detail. For the corrected maps, we determine the overall accuracy of the
temperature scale to be better than 15%, except for the 3CO J = 2 — 1 map of MCLD123.5+24.9 and L1512
where we estimate an accuracy of 22% and 18%. The key-project maps presented here and the released maps
published by Falgarone et al. (1998) (with the correction done using the previous beam pattern parameters deter-
mined by Garcia-Burillo et al. 1993) differ by no more than 10% and only in localized regions. Both data sets and
the supplementary observations made with the KOSMA telescope are available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html
The “error beam problem” is not limited to observations obtained with the IRAM 30 m. Similar beam pattern are
found for other large single dish (sub-)mm telescopes, although few quantitative studies exist. In particular, for
observations of spatially extended sources, the error beam contribution has to be considered and corrected for if
necessary.

Key words. methods: data analysis — techniques: miscellaneous — radio lines: ISM — line: profiles — interstellar
medium (ISM): clouds — ISM: structure

1. Introduction

The present paper is the third in a series presenting the
observations and the results of the first IRAM key-project
“small-scale structure of pre-star—forming regions”. Fully
sampled maps had been obtained for three nearby (d ~
150pc) quiescent molecular clouds (MCLD 123.5+24.9,
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* Figures 2-4, and 6-8 are only available in electronic form
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L1512 and L134A) with high spatial and spectral reso-
lution with the IRAM 30m telescope. The data set cov-
ers observations in both lowest rotational transitions of
1200 and '3CO, and in C'®O J =1 — 0. A detailed de-
scription of the key-project, the presentation of the data
and first results are published by Falgarone et al. (1998),
hereafter Paper I. The discussion of the data reduction
procedure will be given by Panis et al. (in preparation;
Paper II). Here, we present a detailed study of the in-
fluence and the correction of the error beam pick-up and
discuss the factors limiting the accuracy of the intensity
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calibration for the corrected data. An independently re-
duced data set is presented with the error beam correction
based on the beam pattern measurements by Greve et al.
(1998, GKW). This data set is compared to the released
data from Paper I, where the correction was done using
the earlier beam pattern measurements by Garcia-Burillo
et al. (1993, GGC).

With the increasing number of surveys covering spa-
tially extended emission, such as those needed to study
the structure of the interstellar medium (ISM), it has be-
come clear that a significant fraction of the detected in-
tensity can be due to pick-up in beam pattern components
outside the main beam. Early studies of the influence of
the stray radiation pick-up and methods for its correction
have been done for HI observations (cf. Heiles & Hoffman
1968; Westerhout et al. 1973; Hartmann et al. 1996),
based on accurate beam pattern measurements (cf.
Baars & Mezger 1964; Hartsuijker et al. 1972; Harten
1973). Kalberla et al. (1980) have shown, that the pick-up
in a relatively weak but spatially constrained stray pattern
can significantly contribute to the observed intensity. For
(sub-)mm wave telescopes, studies of the error beam pick-
up were done by e.g. Schneider et al. (1998) for IRAM
30m observations, and Dame & Thaddeus (1994) for
observations made with CfA 1.2m telescope.

Measurements of the IRAM 30 m beam pattern show
that the error beam accounts for a substantial fraction
of the beam pattern (GGC and GKW), more than 50%
for observations at wavelengths < 1.3mm (frequencies
v > 230 GHz). This demonstrates that an error beam cor-
rection is essential, in particular for observations of spa-
tially extended sources, such as those of the key-project.

For the correction of the key-project data set we use
observations made with the KOSMA telescope. Smeared
to the spatial resolution of the error beam (appropriately
scaled to account for the relative contribution of the er-
ror beam to the full beam pattern), they provide an es-
timate of the error beam pick-up. In Sect. 2 we summa-
rize the beam pattern parameters of the IRAM 30 m and
the correction method applied. In Sect. 3 the original and
corrected maps are compared. The accuracy of the cor-
rection method and of the corrected data set is discussed
in Sect. 4. In Sect. 5 we describe the self-consistent error
beam correction, which is applied to the released data set
(Paper I) and the data set presented here. Both indepen-
dently reduced data sets are compared. A summary of our
results is given in Sect. 6.

For the error beam corrected data we use the cor-
rected main beam temperature scale Ty, .. The rigorous
definition of Tip,c is given in a supplementary paper
(Bensch et al. 2001) where we compare two correction
methods and provide a guideline for observers wishing to
correct their own data.
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2. Error beam correction of the IRAM key-project
data

2.1. Beam pattern of the IRAM 30 m telescope

The beam pattern of the IRAM 30m was determined
by GGC, and more recently by GKW. GKW combined
a larger data set (measurements on Moon, planets and
holographic data) obtained at four different wavelengths
ranging from A = 3.4 mm to 0.75 mm to deduce a consis-
tent beam pattern model. They find that the beam pat-
tern is given by a tapered Airy pattern (Ar) of HPBW
047 = Bmb, and three Gaussian error beams F, ; of HPBW
0; (i = 1...3). The latter result from three indepen-
dent surface error distributions in the primary reflector.
Both more extended (second and third) error beams re-
sult from surface errors attributed to the panel frames and
the mounting of each panel with a 3 x 5 array of adjust-
ment screws. The first error beam (6; ~ 100.,,) is due
to temporally variable, large-scale deformations of the re-
flector surface, suspected to result from residual thermal
deformations (see GKW and references therein).
In the following, we use

3
w; 41In 2
+ > — g exp[~4In2 (6/6:)2],
=1 ¢

At (0)

(1)

for the beam pattern of the IRAM 30m, where w;
15, Peid2. With the normalization of P(0,0) = 1, the
w; are given by w; = p; Feg, where Fog = Qor/Qur
and Qo,(Q4r) is the integral of the beam pattern over
the forward hemisphere (47). Table 1 gives 6; and p; for
the wavelengths of both lowest CO rotational transitions,
applicable to the observations of the key-project®.

The accuracy of the HPBW and the power in the
Gaussian error beams is estimated by GKW to be < 10%
and ~5%, respectively. This applies to the individual com-
ponents, determined from observations at one frequency,
whereas the numbers given in Table 1 are results from a
consistent beam pattern model, fitted to a larger num-
ber of observations at different wavelengths. We therefore
expect a higher accuracy for the latter. The exception is
the integral over the first error beam, showing temporal
variations of some +50% with a time constant of 1 h or
more (Table 1 gives the average p;). Therefore, a large
uncertainty applies to the pick-up by the first error beam.

2.2. Error beam correction

The correction of the pick-up in the second and third er-
ror beam is done using KOSMA observations. Because it
is not possible to trace back the contribution of the tem-
porally variable first error beam, we count the latter as

1 The observation of the key-project were made in 6 runs be-
tween December 1992 and March 1994, before a re-adjustment
of the panel frames in July 1997.
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Table 1. Beam pattern of the IRAM 30 m at A = 2.6 mm (115 GHz) and 1.3 mm (230 GHz) before a re-adjustment of the
panel frames in July 1997. The HPBW 6; and the amplitudes a; of the three error beams are taken from the fit shown in Fig. 5
of GKW. The p; are determined according p; o a; 67, using the normalization of ZZ p; = 1 (summed over main beam and the

Gaussian error beams)

A=2.6mm (115 GHz) A = 1.3mm (230 GHz)

component HPBW J[arcsec] p; HPBW [arcsec]  p;

tapered Airy patt. Ar 21 0.71 10.5 0.41
1% error beam P 228 0.08 114 0.16
2" error beam Pe2 317 0.08 158 0.16
3" error beam P.3 1900 0.13 950 0.27

part of the main beam and use the approximation

Feff

— T — i(Tob)esi
Bt +p1 Fegr |2 ZP( ble.

i=2,3

(2)

Tmb,c ~

for the corrected main beam brightness temperature. Here,
(T?)e,i denotes the KOSMA observations, smoothed to
the angular resolution of the ith error beam. KOSMA ob-
servations were made in the 2CO and 3CO J =2 — 1
transition towards all three sources (Bensch 1998), and a
200 J =1 — 0 map of MCLD 123.5+24.9 is available
from Grofimann et al. (1990).

The correction by de-convolution of the error beam
pattern in Fourier space turned out to be not possible
(Bensch et al. 2001). For each map in the data set, this
correction method requires additional, fully sampled ob-
servations with the IRAM 30 m of several 104 positions,
and an integration time of less than 1 s per position.
Currently, this is not feasible without an excessive over-
head in dead-time (due to moving of the telescope, etc.)
and because of the huge amount of data to be handled in
a relatively short time.

3. Comparison of the original data to the error
beam corrected data

3.1. Velocity integrated maps

Figures 1 to 4 compare the velocity integrated maps of
the original (uncorrected) and the corrected observations?.
For the uncorrected maps we use the observed spectra
scaled to T'y. This corresponds to a “Oth order error beam
correction” where the forward efficiency Feg is used as
“full beam efficiency” (cf. Downes 1989). Note that the
signal to noise ratio is lower in the corrected maps because
the correction subtracts signal and adds noise.

3.1.1. CO J =2 — 1 maps

The pick-up by the second and third error beam accounts
for a substantial fraction of the observed intensity. The
map-averaged value of the additional pick-up is 50% (31%,

2 Figures 2 to 4 are only available in electronic form at
http://www.edpsciences.org

44%) of the intensity in the 2CO J = 2 — 1 maps
of MCLD 123.5424.9 (L1512 and L134A). For the 3CO
J = 2 — 1 maps, the corresponding figures are 10%, 23%
and 35%. The larger error beam pick-up is found for the
12CO maps because of the spatially more extended emis-
sion of the more abundant isotopomer, coupling more effi-
ciently to the error beam pattern. For the same reason, the
relative contribution of the error beam pick-up is larger in
the 2CO J = 2 — 1 map of MCLD 123.5+24.9 than for
L134A and L1512.

The corrected spectral line maps show an enhanced
contrast. More details are visible at small angular scales
which are (partially) obscured in the uncorrected maps
due to the smearing with the error beam. The actual per-
centage of the observed intensity attributed to the error
beam pick-up significantly varies with position and veloc-
ity. For positions where strong emission is found nearby,
the relative contribution of the error beam is much larger
than average, accounting for up to 100% of the observed
emission. Examples are found in the North-West corner
of MCLD 123.5+24.9, 3CO J = 2 — 1 map (right panel
of Fig. 5) and the South-East corner of the L1512, 13CO
J =2 — 1 map (right panel of Fig. 6).

3.1.2. 2CO J =1 — 0 map of MCLD 123.5+24.9

In the 12CO J =1 — 0 map of MCLD 123.5+24.9, the
error beam pick-up accounts (on average) for 16.5% of
the observed intensity. The line profile of the error beam
pick-up does not vary much across the observed area, in
contrast to the CO J = 2 — 1 observations. This is be-
cause of the larger angular extent of the error beams for
lower frequencies (< 115 GHz), which are comparable or
larger than the observed map. The correction therefore
modifies the morphology of the intensity distribution only
to a minor degree. Comparing the corrected (Tmp,c) and
the uncorrected (scaled to Tip) spectra, we find that the
latter are larger by ~30%. This can be considered as an
upper limit to the systematic error for CO J =1 — 0
data, if no correction is done, scaling them to Ty,p instead.
Scaling the spectra to the antenna temperature 1’5 gives
intensities which are (on average) smaller by ~8%, and
thus a better approximation to the corrected main beam
brightness temperature if no further correction is applied.
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Fig. 1. Integrated spectral line maps of MCLD 123.5+24.9, '2CO J = 2 — 1 (top) and *CO J = 2 — 1 (bottom). The
KOSMA observations are given in the left panels, the uncorrected and corrected key-project maps are shown in the middle
and right panels. The latter two are smoothed to 22 the angular resolution of the IRAM J = 1 — 0 observations. For each
map, the grey scale covers the range from the minimum to the maximum of the line integrated intensity (units of [Kkms™'])
to better show the enhanced intensity contrast for the corrected map as larger (local) intensity variations. Note that for most
of the positions the intensity in the corrected map (scaled to Twb,c) is larger than in the original, uncorrected map (scaled to
the antenna temperature T’y ). However, if the uncorrected map is scaled to main beam brightness temperature (Tmb,c), the

intensity in the corrected map will be smaller

3.2. Line profiles

Figures 5 to 8 compare the line profiles of the observed
spectra (T'5) and the estimated pick-up in the second and
third error beam?. This is a crucial test for the correction
method and the beam model used for the IRAM 30 m.
Additionally, it provides information on the accuracy of
the error beam correction method and the corrected data.
An estimated error beam pick-up which systematically ex-
ceeds the observed line profile points to a systematic error
in either the beam pattern model or the intensity calibra-
tion of the observations made with the smaller telescope.

Inspection of Figs. 5 to 8 shows that this is not the case,
except for a few of the 12CO J = 2 — 1 spectra observed

3 Figures 6 to 8 are only available in electronic form at
http://www.edpsciences.org

towards L134A (left panel of Fig. 7). Here, the estimated
error beam pick-up slightly exceeds the observed line pro-
file in the red line wing (between 3 and 4 km s~1) for
positions at (Aa, Ad) ~ (=74, 50”). In addition, the es-
timated error beam pick-up appears to be red-shifted with
respect to the observed line profile for Ad > 600”. Two
possible explanations remain for the discrepancy. Firstly,
the KOSMA observations potentially suffer from a sig-
nificant error beam pick-up, which results in the error
beam pick-up of the IRAM 30 m being overestimated.
Secondly, the actual (error) beam pattern of the TRAM
30 m significantly differs from the model used. In either
case, the thus introduced systematic error can mimic a ve-
locity offset between the observed line profile and the esti-
mated error beam pick-up, because of the velocity gradient
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Fig.5. MCLD 123.5+24.9: The observed (uncorrected) spectra (scaled to T'y) is compared to the pick-up in the 2nd and 3rd
Gaussian error beam (Tsen + T3eb), as determined with KOSMA observations. The 1200 J = 2 — 1 observations are shown in
the left panel, **CO J = 2 — 1 observations are shown on the right. Each spectrum represents the average of 8 x 8 individual

spectra, covering an area of 1 square arcmin

observed for the line profiles south of A§ ~ 700”. A fur-
ther, more quantitative discussion is given in Sect. 4.

The line profiles shown in Figs. 5 to 7 demonstrate
that the error beam pick-up not only adds intensity, but
modifies the line profile. On average, the relative contribu-
tion is larger in the line wings than in the line core. This
is documented in Fig. 9, where the systematic variation of
the error beam pick-up with velocity channel is shown
for the map-averaged spectra. Only for the 12CO J =
1 — 0 observations made towards MCLD 123.54-24.9, the
percentage of the observed intensity attributed to the error
beam pick-up roughly is constant across the line profile.

The modification of the individual line profiles by the
error beam pick-up is more complex than suggested by
the map-averaged profiles. It depends on the position and
the velocity structure of the emission on angular scales
of the error beam pattern. An inspection of individual
line profiles shows that for some positions, the intensity
in the line wing is effectively lowered with the error beam
correction (e.g. in the South-Eastern part of the MCLD
123.5+24.9, 12CO J = 2 — 1 map), while for other po-
sitions, the line wings are found to be more pronounced
in the corrected spectra. The same result is suggested by
maps showing the spatial variation of the second moment,
determined from the line profiles. An example is given
with Fig. 10, where the intensity contrast is substantially

higher for the corrected spectra, consistent with a larger
spatial variation of the line profile.

4. Self-consistency check and accuracy of the
corrected data

4.1. Self-consistency check

The comparison of the error beam corrected key-project
data, smoothed to the KOSMA resolution, with the
KOSMA observations provides a check for the correction
method and the intensity calibration of both data sets.
For a quantification we define

(Tib,c)KOSMA
T a— (3)
mb

where T/, is the main beam brightness temperature of
the KOSMA observations and (Tib.c)xosma denotes the
corrected, smoothed IRAM data. For a quantitative anal-
ysis we determine the ratio x for positions within an area
where KOSMA and IRAM observations are available, and
for those velocity channels where the intensity exceeds a
threshold of three times the rms noise level. Positions lying
closer than 1arcmin to the edge of the map are excluded,
because it is not possible to obtain a reliable estimate for
the smoothed spectra, (T ¢)KOSMA -
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Fig. 9. Map-averaged line profiles of the '2CO J = 2 — 1 observations (first row), **CO J = 2 — 1 observations (second row),
and the MCLD 123.5+24.9, '2CO J = 1 — 0 map (lower left panel). The uncorrected spectra (dotted) are given in antenna
temperature, Tx. The pick-up by the 2nd and 3rd error beam is shown by the solid line. The fraction of the intensity attributed
to the error beam pick-up is indicated by the dashed line (labels given on the right of the boxes). The bar on the velocity axis
indicates the line wing region, defined in Paper I as the velocity range where significant 12CO emission is seen, but little or

no *CO

For perfectly corrected IRAM 30 m data and KOSMA
observations with a negligible error beam pick-up, a nar-
row distribution, centered on 1, is expected. An average
value smaller than unity suggests that the IRAM 30 m er-
ror beam pick-up is overestimated, and hence that the
corrected main beam brightness temperature is under-
estimated. For the corrected key-project maps, the z-
distributions are given in Fig. 11, together with the av-
erage (1), median, and width o, (standard deviation) of
the distribution.

For the 12CO J = 2 — 1 maps, u, is found to be
equal or smaller than unity (0.82, 1.02 and 0.88 for MCLD
123.5+24.9, L1512 and L134A, respectively), while for the
13CO J = 2 — 1 maps, pu, is larger than unity (1.15,
1.26 and 1.06). For the 2CO J = 1 — 0 map of MCLD
123.5424.9 we find p, =1.02. The width o, of the dis-
tributions is between 0.10 and 0.18, except for the 3CO

J =2 — 1 map of MCLD 123.5+24.9, where o, is signif-
icantly larger (0.22). In general, we find larger o, for the
BCO J =2 — 1 maps, except for L134A where both maps
have o, ~ 0.13. The influence of the finite signal-to-noise
in the spectra on the p, and o, is negligible. We obtain
the same results for distributions deduced with spectra
binned to a lower velocity resolution, and hence with a
lower rms noise per velocity channel. Thus, the u, and o,
can be used to determine the accuracy of the error beam
correction method and to examine the limiting factors.

4.2. Accuracy of the correction method and the
corrected data set

We estimate the total uncertainty in the Ti,p  scale using
the self-consistency check (p, and o,) and by comparing
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Fig. 10. Maps of the second moments, determined for the **CO J = 2 — 1 line profiles observed toward MCLD 123.5424.9,
and smoothed to a resolution of 22”. The second moment are determined according (>, T'(v:) v?)/ (>, T(vi)), where T'(v;) is
the intensity detected in channel ¢ (velocity v;) of the spectrum. The left panel shows the result for the original line profiles,

the right panel for the corrected data

the observed line profiles to the estimated error beam
pick-up.

An average value p, offset from unity indicates
systematic errors, which may result from

— under- or overestimation of the amplitude of the IRAM
30m error beam pattern;

— error beam pick-up in the KOSMA data;

— systematic calibration differences for both data sets.

The width of the distribution (o, ) depends on statistical
variations from position to position. These uncertainties
may arise from

— axially non-symmetric error beam pattern of the
IRAM 30 m;

— neglect of the first error beam in Eq. (2);

— relative photometric calibration uncertainties of the in-
dividual spectra in the map. These errors may arise
from imperfectly corrected atmospheric attenuation or
receiver gain drifts and are estimated to be ~9% for
the key-project maps (Panis 1995).

It is not possible to fully disentangle the contribution of
the different effects which result in a broader o, or an
average [i, offset from unity. However, a systematic anal-
ysis of the results obtained for the different sources and
transitions provides an upper limit to the magnitude of
the different sources of error, and allow us to estimate the
accuracy of the final data set.

4.2.1. Error beam pick-up of the KOSMA telescope

The exact amount of error beam pick-up in the KOSMA
observations is unknown because it depends on the large-
scale structure of the emission and the (unknown) de-
tails of the KOSMA error beam pattern. If present, the
KOSMA error beam pick-up is expected to play a role for
the observations of the spatially extended 2CO J =2 — 1
emission only. An estimate of the KOSMA error beam
pick-up at 230 GHz is obtained by comparing the main
beam efficiency determined for bright planets (Beg =
0.64) and measured on the Moon (Buyoon = 0.72). This
shows that a KOSMA error beam of angular extent < 30/
is present, and that the power radiated into this error
beam is ~13% of the power in the main beam. Thus, for
extended sources, an error beam pick-up of ~13% is ex-
pected for KOSMA observations at 230 GHz (assuming
an uniform intensity distribution).

Indeed, for the maps with the spatially most extended
emission (the 2CO J = 2 — 1 maps observed toward
MCLD123.5424.9 and L134A) we find p, which are sig-
nificantly smaller than unity, suggesting that the KOSMA
error beam is not negligible. The p, = 0.82 (0.88, respec-
tively) suggest that the KOSMA error beam pick-up is 12
— 18% for the 2CO J =2 — 1 maps, and this only if we
fully attribute the p, < 1 to a KOSMA error beam. For
the 3CO J =2 — 1 maps we find that the p, are larger
than unity. This is consistent with a negligible KOSMA
error beam pick-up for the not very extended emission
of the rarer isotopomer, and that other systematic errors
limit the accuracy of the intensity calibration. The same
applies to the 12CO J =1 — 0 map of MCLD123.5+24.9,
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Fig. 11. Distribution of z, determined as the ratio of the corrected key-project data (smoothed to angular resolution of the
KOSMA telescope) and the KOSMA observations (Eq. 3). The ratio z was determined for each velocity channel with an intensity
larger than three times the rms in the spectrum. Positions which are located closer than 1 arcmin to the edge of the map are
excluded. For each distribution, the average (1., standard deviation o, and the median (med.) is given

because of the smaller amplitude of the error beam
pattern at lower frequencies.

4.2.2. Influence of the uncorrected first error beam

The correction for the first (smaller) error beam of the
IRAM 30m is not possible because of the large tempo-
ral variations of the amplitude and the insufficient an-
gular resolution of the KOSMA observations. Thus, an
additional error in the intensity calibration of the cor-
rected data set arises from the uncorrected first error
beam. This error is expected to play a significant role for
maps which show strong intensity variations on the an-
gular scale of the error beam (~1.9" at 230 GHz). Here,
the x—distribution is expected to be significantly wider
(lager o,) with an average p, larger than unity, because
the pick-up in the small error beam strongly varies with
the position. This is observed for the 3CO J =2 — 1
map of MCLD 123.5+24.9 and L.1512. Both contain cores
and/or steep gradients extending over ~ 1 arcmin (Figs. 1
and 2) and, at the same time, have the largest u,, (1.15 and

1.26) and o, (0.22 and 0.18). We therefore conclude that
the accuracy of the intensity calibration for these maps is
limited by the uncorrected first error beam, and that the
thus introduced error is up to 26%. For the other maps,
the first error beam accounts for less than 12% of the ob-
served intensity, judged from the o, in Fig. 11 and taking
into account that the accuracy of the relative intensity
calibration in the maps is 9% (Panis 1995), assuming that
both errors add in quadrature.

4.2.3. Accuracy of the error beam model

In the '2CO J = 2 — 1 map of L134A the estimated
error beam pick-up systematically exceeds the observed
line profile for a few positions at ~(—74", 50”), while both
profiles appear velocity-shifted in respect to each other for
positions Ad = 600”. This cannot be reconciled unless we
modify the amplitude of the error beam pattern by much
more than 20%, which is excluded by the accuracy of the
beam pattern parameters (GKW). Similarly, the possible
contribution of a KOSMA error beam cannot fully account
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for the discrepancy because it would imply an additional
pick-up in the KOSMA observations of far more than 20%,
and thus extended areas with strong emission outside the
maps, which is not observed (Bensch 1998).

One plausible explanation is provided by a possible
deviation of the IRAM error beam pattern from the as-
sumed axial symmetry. In the L134A maps, a velocity gra-
dient is present South of § ~ 700", extending over several
arcmins. A slight deviation from the assumed axial sym-
metry can mimic a velocity shift in the line profile of the
error beam pick-up. This is not excluded by the mea-
surements of GKW, because they used cross-scans in
~ East-West direction and explicitly assume axial sym-
metry. Moreover, a not axially-symmetric error beam pat-
tern is not entirely unrealistic, given the shape of the
panels/panel frames of the IRAM 30m.

5. The released data set and comparison to the
independently reduced data set presented here

5.1. Self-consistent error beam correction

Irrespective of the possible reasons which result in a sys-
tematically under-(or over-) estimated error beam pick-
up, we now assume that the pu, # 1 is due to systematic
errors in the intensity calibration of the KOSMA data. In
this case a correction can be done by scaling the KOSMA
spectra by (p1,)~!. This is reasonable because the distribu-
tions in Fig. 11 are narrow with a distinct maximum (ex-
cept for the 13CO J =2 — 1 map of MCLD 123.5+24.9).
The thus corrected key-project spectra give a better esti-
mate for the corrected main beam brightness temperature
scale.

This procedure was applied to the released data set of
the key-project (Paper I) and the data set presented here.
However, one has to keep in mind that this is an ad hoc
correction. The residual difference between the KOSMA
and the corrected, smoothed IRAM spectra is not solely
due to the KOSMA error beam pick-up, as shown above.

5.2. Correction of the CO J =1 — 0 observations

No observations from a smaller telescope are available to
correct the CO J = 1 — 0 maps of the key-project, ex-
cept for the 12CO J = 1 — 0 map of MCLD 123.5+24.9.
An alternative correction method is therefore applied,
based on the assumption that the intensity ratio CO
J=2—>1t COJ =1 — 0 (hereafter Ro;) is con-
stant on the angular scale of the error beam pattern. We
can then use the KOSMA CO J = 2 — 1 observations,
scaled by Ra1 ™, to estimate the error beam pick-up in
the CO J = 1 — 0 maps. A constant ratio Ro; has
been noted for a large number of cold molecular clouds
(e.g. Falgarone & Phillips 1996).
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For an application to the key-project maps we merge
the ratio Ro; and the ad hoc scaling factor for the KOSMA
data to a single scaling factor, which is determined for
each map with the z-distribution. This is done for the
2CO J =1 — 0 map of L1512 and L134A, and for the
BCO J =1 — 0 map of MCLD 123.5+24.9 and L134A.
The signal-to-noise ratio of the remaining maps (C80O
J =1 — 0 maps, and the *CO J =1 — 0 map of L1512)
is too small to reliably determine the scaling factor. For
these maps the correction is done using the KOSMA CO
J =2 — 1 data, assuming a constant ratio of Ro; = 0.65
(Paper I).

The accuracy of this correction method is estimated
by using the 2CO J =1 — 0 map of MCLD 123.5+24.9,
where KOSMA observations of both lower CO transitions
are available. The key-project map, corrected with the
KOSMA '2CO J =1 — 0 data, and the same map, cor-
rected with the KOSMA '2CO J = 2 — 1 observations
scaled by Ro; ! = 1/0.65, differ by no more than 15% if
the correction is done according to Eq. (2), and 7% if the
correction is done self-consistently.

5.3. Accuracy of the final data set

For the 12CO and CO J = 2 — 1 key-project maps we
estimate an overall accuracy of the intensity calibration
of 10-15%, judged from the o, in Fig. 11. Only for two
data sets (the 13CO J = 2 — 1 map of MCLD 123.5+24.9
and L1512) we determine larger uncertainties of 22% and
18%, respectively. For these maps the accuracy is limited
by the uncorrected first error beam. For the CO J =
1 — 0 data we deduce an overall accuracy of 11%, us-
ing the 7% accuracy estimated in the previous section
with the 9% accuracy of the relative intensity calibration
(Panis 1995) being added in quadrature.

The data reduction of key-project maps was done inde-
pendently in Paris and Cologne. For the released data set
(Paper I), the correction was done using the beam pattern
parameters determined by GGC. The correction of the in-
dependently reduced data set presented here is done using
the more recent beam measurements by GKW. The com-
parison of both data sets show that the integrated spectral
line maps differ by no more than 10%, consistent with the
estimated accuracy.

The released maps of the key-project, the data set
presented with this paper and the complementary ob-
servations made with the KOSMA telescope are avail-
able in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/Abstract.html

6. Summary and discussion

We use complementary data observed at lower angular
resolution with the KOSMA telescope to estimate the er-
ror beam pick-up in the maps of the IRAM key-project.
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The pick-up in the second and third Gaussian error beam
of the IRAM 30m telescope accounts for a substantial
fraction of the observed intensity, on average 31%—50%
for the 12CO J = 2 — 1 maps and 10%—35% for the
1BCO J = 2 — 1 maps. The error beam pick-up signifi-
cantly modifies the spatial intensity distribution and the
line profile, with the corrected maps showing a consider-
ably enhanced contrast. For the map-averaged line profile,
the fraction of the observed intensity attributed to the er-
ror beam pick-up is larger in the line wings than in the
line core. For the individual spectra, however, the degree of
modification strongly varies with position. While for some
positions the line wing is essentially removed with the cor-
rection, they are found to be even more pronounced for
other positions. These results demonstrate that a careful
correction is important and that a correction by applica-
tion of a simple scaling factor (“effective” or “full beam
efficiency”) is insufficient here.

For the 2CO J =1 — 0 map of MCLD 123.5+24.9,
the error beam pick-up is determined to be 16.5% (map
average). The intensity distribution as well as the line
profiles are modified only to a minor degree.

We apply a self-consistent error beam correction to the
released data set, where we match the KOSMA observa-
tions to the corrected IRAM observations, smoothed to
the angular resolution of the KOSMA observations. The
accuracy of the thus corrected spectral line maps is 11%
(COJ=1—0)and 15% (CO J =2 — 1), except for the
13CO J = 2 — 1 map of L1512 and MCLD 123.5424.9,
where we assign larger uncertainties (18% and 22%, re-
spectively). The systematic errors in the intensity cali-
bration of the key-project data set are dominated by the
error beam pick-up of the KOSMA telescope (account-
ing for <18% in the 2CO J = 2 — 1 maps) and the
uncorrected first error beam of the IRAM 30 m (result-
ing in the larger uncertainties for the 3CO J =2 — 1
map of L1512 and MCLD 123.5+24.9). Taking both ef-
fects into account, we find that the residual errors are in
accordance with the accuracy estimated by GKW for the
beam pattern parameters of the IRAM 30 m. Only for the
12C0 J =2 — 1 map of L134A, we find indications that
the actual error beam pattern slightly deviates from the
assumed axial symmetry.

This study focuses on the observations made in the
framework of the key-project with the IRAM 30m tele-
scope. However, we expect that the error beam pick-up po-
tentially plays a significant role for observations made with
other (sub-)mm telescopes, too. An error beam pattern
similar to the pattern of the IRAM 30m has been found
for a number of (sub-)mm telescopes (cf. Kaufmann et al.
1987; Hills & Richter 1992; Prestage 1993). The correc-
tion methods (cf. Bensch et al. 2001) and the conclusions
presented in this paper are therefore not limited to obser-
vations made with the IRAM 30 m. This should be taken
into account when planning large mapping projects, where
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a fraction of the time should be allocated for the addi-
tional observations required to correct for the error beam
pick-up.
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