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Abstract. We present '2CO (J = 2—1) and CO (J = 3—2) observations of quiescent Virgo Cluster spiral galaxies with the
KOSMA 3 m submm telescope. The beam sizes of 80" at 345 GHz and 120" at 230 GHz are well suited for the investigation of
global properties of Virgo Cluster galaxies. The observed sample was selected based on previous 2CO (J = 1—0) detections
by Stark et al. (1986), performed with the AT&T Bell Laboratory 7 m telescope (beam size ~100"). We were able to detect
18 spiral galaxies in '>CO (2—1) and 16 in '>CO (3—2). Beam matched observations of the lowest three '>CO transitions
allow us to compare our results with previous high spatial resolution studies of (moderate) starburst galaxies and galactic core
regions. We discuss the global excitation conditions of the ISM in these quiescent spiral galaxies. The resulting CO (3-2)/(1-0)
integrated line ratios vary over a relatively narrow range of values from 0.35 to 0.14 (on a K km s™'—scale) with increasing
CO (2-1)/(1-0) ratio (from 0.5 to 1.1). The line ratios between the three lowest rotational transitions of CO cannot be fitted by
any radiative transfer model with a single source component. A two-component model, assuming a warm, dense nuclear and
a cold, less dense disc component allows us to fit the observed line ratios for most of the galaxies individually by selecting
suitable parameters. The two-component model, however, fails to explain the observed correlation of the line ratios. This is due
to a variation of the relative filling factor of the warm gas alone, assuming a typical set of parameters for the two components
common for all galaxies.
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1. Introduction

We present 2CO (J = 2—1) and '*CO (J = 3—2) observa-
tions of 20 spiral galaxies in the Virgo Cluster. Several sur-
veys in '2CO have been carried out to study the properties of
the cold ISM in external galaxies with large telescopes like the
IRAM 30 m or FCRAO 15 m e.g. Young et al. (1995), Braine
& Combes (1992). Most of these are limited to the lowest ro-
tational transitions of '2CO (J = 1—0) and (J = 2—1) which
have upper state energies above ground of 5.3 K and 17 K.
Improvements in receiver and telescope technology during the
last years have made it feasible to study higher CO-transitions
in the submillimeter domain in order to trace the warmer
and denser molecular gas. With an energy above ground state
of 33 K the '>?CO (J = 3—2) transition is in the focus of the
present investigation. This survey increases the extragalactic
sample of higher CO transitions like '2CO (3-2), so far limited
to a few mapping projects, e.g. by Wielebinski et al. (1999) and
to surveys of nearby galaxies, e.g. by Devereux et al. (1994),
Mauersberger et al. (1999). Because of the observational dif-
ficulties concerning weather conditions and telescope efficien-
cies, in most cases the mid-J CO surveys are biased towards

Send offprint requests to: H. Hafok,
e-mail: hafok@mpifr-bonn.mpg.de

nearby spirals with strong CO-lines and galaxies with (mod-
erate) starbursts. These surveys were exclusively made with
large (>10 m) telescopes like the JCMT, HHT or CSO. The
main beam of these telescopes is much smaller than the CO
emitting region in the observed galaxies. Thus accurate global
fluxes are difficult to determine, even for the few galaxies stud-
ied at the distance of the Virgo Cluster with CO-diameters of
around 80”. With the survey observations restricted to only a
few points within the sample galaxy the question arises how
characteristic the deduced line properties are for the observed
galaxy.

This is the first study of global properties of '2CO (2-1)
and '2CO (3-2) in quiescent spiral galaxies in the Virgo Cluster.
At the adopted distance of 15 Mpc (Stark et al. 1986) the beam
sizes are equal to 7—10 kpc and cover at least the core region
and inner disc. Most of the CO emission is thus contained in a
single pointing of the telescope beam and gives us the opportu-
nity to deduce the global properties of the bulk of the molecular
ISM in the observed galaxies.

2. The observed sample

Our sample of spiral galaxies is based on the Virgo Cluster
2CO (1-0) survey by Stark et al. (1986), performed with
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Table 1. Galaxy parameters of the observed sample of spiral galaxies in the Virgo Cluster.

source name RC3 type inclination RA Dec Vlsr Distyy g7

(deg) (B1950.0) (B1950.0) (km s~!) (deg)
NGC 4192 SAB(s)ab 2 74 12:11:15.5 15:10:23 -135 4.8
NGC 4212 SAc 5 47 12:13:06.6 14:10:46 -83 4.0
NGC 4237 SAB(rs)bc 4 47 12:13:06.6 14:10:46 1123 8.0
NGC 4254 SA(s)c 5 28 12:16:16.9 14:41:46 2405 3.3
NGC 4298 SA(rs)c 5 67 12:19:00.4 14:53:03 1136 3.2
NGC 4302 Sc:sp 5 90 12:19:10.2 14:52:43 1150 3.1
NGC 4303 SAB(rs)bc 4 25 12:19:21.4 14:44:58 1568 8.2
NGC 4321 SAB(s)bc 4 28 12:20:23.2 16:06:00 1575 3.9
NGC 4402 Sb 3 75 12:23:35.8 13:23:22 234 1.4
NGC 4419 SB(s)a 1 67 12:24:24.6 15:19:24 -209 2.8
NGC 4501 SA(rs)b 3 58 12:29:28.1 14:41:50 2284 2.1
NGC 4527 SAB(s)bc 4 72 12:31:35.5 14:41:50 2284 9.8
NGC 4535 SAB(s)c 5 43 12:29:28.1 14:41:50 2284 4.3
NGC 4536 SAB(rs)bc 4 67 12:31:47.9 08:28:25 1962 10.2
NGC 4567 SA(rs)bc 4 46 12:34:01.1 11:32:01 2277 1.8
NGC 4568 SA(rs)bc 4 64 12:34:03.0 11:30:45 2255 1.8
NGC 4569 SAB(rs)ab 2 63 12:34:18.7 13:26:18 -236 1.7
NGC 4647 SAB(rs)c 5 36 12:41:01.1 11:51:21 1422 32
NGC 4654 SAB(rs)cd 6 52 12:41:25.7 13:23:58 1039 33
NGC 4689 SA(rs)bc 4 30 12:45:15.2 14:02:07 1620 4.3

the AT&T Bell Laboratory 7 m telescope (beam size 100”)
and the '>CO (1-0) survey by Kenney & Young (1988), per-
formed with the FCRAO telescope (beam size 45”"). Both sam-
ples are blue magnitude-limited (B% = 12) (de Vaucouleurs &
Corwin 1976; Sandage & Tammann 1981) and consist of spiral
galaxies (morphological type Sa or later). From these two sur-
veys the 20 strongest 2co (1-0) sources, listed in Table 1,
have been selected. We adopt a distance of 15 Mpc to the
Virgo Cluster (Stark et al. 1986). For three of the galaxies,
the CO (1-0) line intensities quoted by Stark et al. (1986) and
Kenney & Young (1988) do not agree, so that we leave the en-
tries blank in Table 2.

For the selected galaxies, previous papers claim a distance
variation of at most +20%, so that we can directly compare the
observed CO-fluxes of the different sample galaxies.

3. Observations and data reduction

The observations described in this paper have been car-
ried out with the Ko6lner Observatorium fiir Submillimeter
Astronomie (KOSMA) 3 m submm telescope (Degiacomi et al.
1995) at 230 GHz during autumn 1999 and at 345 GHz
in January 2000. The main beam efficiency has been deter-
mined by observing planets with a continuum backend. It
was found to be 68% at 230 GHz and 345 GHz. Broadband
Acousto Optical Spectrometers with bandwidths of 1 GHz,
corresponding to 1300 km s~! at 230 GHz and 800 km s~
at 345 GHz, have been used for the observations. This is suit-
able even for edge-on galaxies with very broad lines of more
than 500 km s~!. Typical peak antenna temperatures of the ob-
served galaxies in the Virgo Cluster are between 4 and 30 mK
for 2CO (2—-1) (beam size: 110”) and '2CO (3-2) (beam size:
80).

Because of the weakness of the observed sources, inte-
gration times of typically 3—-6 h were necessary to yield a
low noise rms of 1.5-3 mK for Av = 10 km s~! and Ty =
150-200 K (DSB).

All measurements were performed in a Dual Beam Switch
(i.e. chop and nod) technique, with chopper throws of 6’ in az-
imuth. The DBS technique yields spectra with flat baselines
over the whole bandpass. For the data reduction it was sufficient
to remove a linear baseline. Due to the fact that some galaxies
of the sample are seen edge-on with very broad lines, the er-
ror of the line integral depends on the number of the baseline
channels outside the line. Therefore the error was determined
using

Nin
Al = TysAv \/Nline (1 + i) (1)

baseline

with Ny, the number of channels in the line, Npygeline the num-
ber of baseline channels, Av the channel width, and 7Ty the
baseline rms per velocity channel, as already independently
used by Lavezzi et al. (1999).

4. Results
4.1. The spectra

From the sample of 20 selected galaxies, we were able to detect
18 in 12CO (2-1) and 16 in '>CO (3-2) with the KOSMA 3 m
telescope. The results of the observations are shown in Fig. 1.
The derived line intensities and intensity ratios are compiled in
Table 2.

NGC 4303 and NGC 4321 were mapped at four additional
points (five point cross) to estimate the '?CO (3-2) extend
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Fig. 1. Overview of the sample of Virgo Galaxies detected with the KOSMA telescope (solid: '2CO (2-1), dotted: '2CO (3-2)) at a main beam
temperature scale (vp = 0.7 for both transitions).

within the larger '>CO (2-1) beam. The spatial variation of the
antenna temperature is in agreement with the adopted source
sizes deduced below from the published '2CO (1-0) data.

For NGC 4321 higher angular resolution data from the
IRAM 30 m—telescope is available (Sempere & Garcia-Burillo
1997), which we used to cross-check the intensity calibration.
Figure 2 shows good agreement between the KOSMA 3 m
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Table 2. Observed line parameters of the detected sample galaxies.
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Name  [(CO) Al 1(CO) Al 1(CO) Al S) Ry AR Ry, AR Ryi AR
NGC  (1-0) lo - 1o (3-2) lo (@) lo lo lo
o @ 3) “ ® ©) @ @®) ® 1o an az a3y d4b
4192 413 036 5.59 130 0.84 029 745 173 042 009 004 016 0.6
4212 4.66 021  3.10 073 211 034 480 09 022 035 010 031 005
4254 13.69 054 842 057  3.92 075 576 082 006 026 005 021 004
4298 - - 3.38 059 075 034 840 - - 0.14 007 - -
4302 - - 3.84 0.51 1.0l 053 684 - - 0.15 008 - -
4303 1016 030 558 040 345 051 756 070 005 037 006 026 0.04
4321 1259 038  6.56 070 4.09 028 600 069 012 035 014 024  0.02
4402 47 028 415 059 161 0.17 900 110 017 025 007 027 0.03
4501 1331 038  6.89 0.96  1.86 026 768 066 009 016 003 011  0.02
4527 1777 041 7.69 075 522 052 912 053 005 044 006 024 0.2
4535 5.26 030 421 0.51  1.56 030 624 105 014 021 005 022 0.04
4536 - - 4.93 1.06  2.62 020 504 - - 028 006 - -
4567  5.98 059 519 070  1.17 030 480 1.17 019 012 003 014 004
4568  8.72 050  5.18 0.66  4.00 033 684 077 011 045 007 035 003
4569 1184 032 581 0.69 355 0.68 684 064 008 035 008 023 004
4647 6.3 038  2.10 030 152 0.13 480 045 007 037 006 017 0.2
4654 7.1 032 239 0.53  1.40 0.16 480 046 010 030 0.08 014 0.02

(1): galaxy name (New Galactic Catalogue).

(2): CO (1-0) Intensity f Typdv [K km s7'] of the central position by Stark et al. (1986).
(3): CO (2-1) Intensity f Typdy [K km s7'] of the central position observed with KOSMA.
(6): CO (3-2) Intensity f Typdo [K km s™'] of the central position observed with KOSMA.
(8): gaussian HPBW of the CO (1-0) distribution observed by Kenney & Young (1988).

(9): CO (2-1)/(1-0) line ratio corrected for beam filling.
(11): CO (3-2)/(2-1) line ratio corrected for beam filling.
(13): CO (3-2)/(1-0) line ratio corrected for beam filling.

ol —————
[ IRAM-30m °CO 1-0 convolved 120" — ——— | N
0.08 (— IRAM—30m **C0 2-1 convolved 120"- - — - —

T.u[K] | KosMA "*co 2-1 120" - ‘”‘

[ KosMA **co 3-2 convolved 120"

1700 1800

. L P P
1300 1400 1500 1600
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Fig.2. CO in NGC 4321: 2CO (1-0) & ">CO (2-1) (convolved
to 120”) spectra using the data observed with the IRAM 30 m
telescope in comparison with the obtained '>CO (2-1) (120”) &
12CO (3-2) (convolved to 120”) KOSMA spectra.

12CO (2-1) data set and the convolved IRAM 30 m data with
regard to both, line shape and calibration.

4.2. The line ratios

The main goal of the present work is to derive proper line in-
tensity ratios. The line widths in CO (1-0), (2-1), (3-2) are
the same within the errors (see Figs. 1 and 2). We thus use the

higher S /N velocity integrated line intensities, rather than peak
brightness temperatures to derive the line intensity ratios.

To correct for the different beam sizes (80", 100" and 120”
beams) we have to estimate the source extent. Every galaxy of
our survey was also observed in '2CO (1-0) along the major
axis by Kenney & Young (1988). In order to rescale the data to
a common beam size of 120” the radial CO emission profile for
each galaxy can be fitted by a Gaussian function (see Fig. 3).

Using this we can estimate the extent (Gaussian HPBW: @)
of the emitting '>CO (1-0) region. Assuming that the emitting
region is the same for all three observed transitions it is possi-
ble to rescale each integrated spectrum from its observed beam
size a to an equivalent beam size of 120" (with ¢ = 100" for
the CO(1-0) survey by Stark et al. (1986) and a = 80" for the
new KOSMA (3-2) results):

1+ (a/@)?

Jor0 = T 070y

(2)
We then calculate the corrected line ratios, adopting a Gaussian
source distribution and a Gaussian profile for a 120" beam:
[ L,(*CO@2 — 1)dv
[ 1,(2CO(1 - 0)dv’

3)

_ g1
st] - f100,120 :

[ 1,(*CO3 - 2))dv
J1(2CO2 - D)dv’

“)

R332 = f30,120 *
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NGC 4303
Gauss—Fit, r;=0.63"
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Fig. 3. Example for the calculation of the source sizes ®: Gaussian fit
of the radial CO-distribution (Kenney & Young 1988) along the major
axis of NGC 4303.

Rai = frozo [ I(PCOB — 2))dv
7 fiooo [ 1,(2CO(1 - 0))dv

&)

The analysis is based on the assumption that the emission
from all three transitions originates from the same region. This
seems justified because on one hand the CO (3-2) emission
is found extended beyond the nucleus and also in the discs of
spiral galaxies (Walsh et al. 2002). On the other hand this is
confirmed in our sample by the detailed study of NGC 4321
and NGC 4303, where we compared R3, with the (3-2)/(2-1)
ratio when convolving the CO (3-2) map to 120" and found
both to be similar within the errors.

As our beam sizes for the observed transitions differ not
that much, the error due to beam filling is rather small.
Even if this assumption would not apply, the resulting er-
ror would nevertheless be relatively small: the larger scal-
ing factor (i.e. the one for the smaller CO (3-2) beam),
Sfso.20 = (1 + (80”7/@®)»)/(1 + (120" /®)?), varies only between
0.62 (for the typically largest source sizes around 80" estimated
from CO (1-0)) and 4/9 (for compact, point like emission).

As we lack resolution to solve the problem, we will use
the CO (1-0) emission profile to rescale the (3—2) emission.

After correction for beam filling we derive (3-2)/(2-1) line
ratios between 0.1 and 0.45, and (2-1)/(1-0) ratios in the range
of 0.45 to 1.2 (excluding the low S/N case of NGC 4192).
The complementary (3—2)/(1-0) ratios cover a relatively nar-
row range from 0.11 to 0.35. Table 2 lists the ratios for each
source, together with the error bars estimated from the fit errors
of the integrated intensities; for completeness and easier com-
parison with the literature, it also includes the resulting (3-2)
versus (1-0) ratio R3 ;. Figure 4 shows histograms of the ob-
served distribution of line ratios.

In comparison with this, the CO (3-2) survey of 28 nearby
galaxies by Mauersberger et al. (1999) covers a range for
R3, from 0.2 to 0.7, with a tendency for the galaxies with-
out strong star formation activity towards lower ratios. In
contrast, galaxies with star formation activity such as se-
lected in the survey of 7 nearby starburst nuclei (Devereux
et al. 1994) or in the study of 8 dwarf starburst galaxies by

963
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Fig. 4. Histogram of the deduced line ratios for a 120" beam: R3,, R,
and R3’1 .

Meier et al. (2001), cover higher values between 0.4 and 1.4.
In addition, detailed mapping of the CO (3-2) emission in
a sample of 12 bright and nearby galaxies by Dumke et al.
(2001), shows that the CO (3-2) emission is more compact.
The (3-2)/(1-0) ratio drops from values close to unity in the
dense cores of these galaxies, down to values of around 0.5
with increasing distance from the galactic nucleus. As men-
tioned before, all these surveys have been done with the larger
submm telescopes in relatively nearby sources, and thus have
beams that resolve the nucleus/disc structure. In addition, the
mapping typically is concentrated on the inner regions, where
the CO (3-2) emission is still relatively easy to detect. Our, in
this regard unbiased, survey of 20 galaxies in the distant Virgo
Cluster with the comparably large beam of the KOSMA 3 m
telescope gives a (3—2)/(1-0) ratio towards the low end or even
lower than in the other studies. This fact supports the concept
of a compact, brighter core region and very weak (if present at
all) CO (3-2) emission from the extended discs of galaxies. As
at least a substantial fraction of our Virgo sample is unresolved
both in CO (1-0) and (3-2), this ratio will not drop further if
averaged over larger areas. We thus expect the average value of
R3; of 0.20 to be typical for a large fraction of galaxies. A com-
parable study of a sample of 33 galaxies in the Coma cluster by
Lavezzi et al. (1999) in the CO (2—-1) and (1-0) lines gives a
range of (2-1)/(1-0) ratios of 0.5 to 1.3; this is in good agree-
ment with the range covered by the 16 Virgo galaxies detected
in the present study.

The detected (3-2)/(2-1) ratios have an average value
of 0.23, which is in the order of the line ratio of the core
regions of rather quiescent nearby galaxies as observed by
Mauersberger et al. (1999) (e.g. IC 10, NGC 891, NGC 5907).
Observations with the KOSMA 3 m telescope in the galactic
ring of the Galaxy (priv. comm. Briill, Ph.D. work) show an
average (3-2)/(2—-1) ratio of 0.7 + 0.2.

4.3. Modeling of the CO emission line ratios

Figure 5 shows Rj3, against R, ;. The resulting correlation plot
does not show any trend for R3, growing with increasing R; .
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Fig. 5. Correlation plot of R3,, i.e. the CO (3-2)/(2-1) line ratios vs. the R, line ratios as observed with the KOSMA 3 m and Bell-Labs 7 m
telescope for the Virgo sample. The data is corrected for main beam efficiency and beam filling. The dotted line marks a linear least squares fit
to the data. Solid grey lines are results computed from a two-component emission model for the galaxies. Solid triangles mark the results for a
beam filling of the warm dense phase of 0.01, 0.02, 0.05, 0.1, 0.2 and 0.5 and typical H, densities, CO column densities per velocity interval
and kinetic temperatures according to the set of model parameters a) to e) from Table 3.

Table 3. Model parameters for two-component model with a warm dense core component and a less dense, cold component. Calculated results

for the model are plotted in Fig. 5.

Model cold warm

Tyin n(Hy) N(CO)/Av Txin n(Hy N(CO)/Av
K] cm™ cm™! K] cm™3 cm™!

(a) 10 1000 1.5¢14 50 1000 1.0e13

(b) 10 1000 1.0e14 50 1.0e4 1.0e13

(©) 10 1.0e4 1.5e15 50 1.0e5 1.5¢el5

d) 10 4.5¢4 1.5¢e14 50 1.0e6 1.5e15

(e) 10 4.5¢4 1.5¢e14 50 1.0e4 1.0e13

This would be expected in a simple model for the CO emission,
where the brightness of the higher excitation lines would stay
high due to the increased temperature or density of the source
region. There seems to be a tendency for an anti-correlation:
Fig. 5 includes the result of a linear least squares fit analy-
sis, which gives a correlation coefficient of —0.72. No galaxy
with R, ; above unity has Rz, above 0.3, and all of the galaxies
with R3, above 0.3 have R, below 0.8.

Before we can interpret the observed line ratios any further,
we check the data set for any correlation with other parame-
ters of the observed sample. It is known that the Virgo Cluster
galaxies are heavily Hl-deficient in the central region of the
cluster (van Gorkom & Kotanyi 1985), presumably caused by
HI ram-pressure stripping due to the interaction of the galaxies
with the cluster environment. It is important to check whether

this influences the CO emission. There is no evidence for a
correlation between the CO-emission strength and the distance
to M 87, which is the kinematic center of the Virgo Cluster
(Fig. 6). This is in agreement with the finding of Stark et al.
(1986) for the CO (1-0) emission. The molecular material
seems to be affected by tidal interaction between the cluster
galaxies (Combes et al. 1988).

Because of the fact, that the beam covers the central regions
of the galaxies and also partly their discs with various inclina-
tion angles in the sample, one might suspect that optical depth
effects and self absorption of the supposedly brighter emission
from the central region in the disc, might affect the observed
line intensities. Regarding to Fig. 7, no correlation between the
observed line ratios and the inclination angle can be found.
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Fig. 6. Correlation plot of the integrated line emission I'>CO (3-2)
(upper panel) and 1'>CO (2-1) (lower panel) vs. the angular distance
to M 87.

4.3.1. Single component models

Although the '>CO emission is almost certainly optically thick,
it is not possible to explain the observed line ratios assum-
ing LTE-excitation conditions and optically thick '>CO emis-
sion. We thus compare the observed ratios with a slightly more
sophisticated excitation model, namely escape probability ra-
diative transfer calculations for spherical clumps (Stutzki &
Winnewisser 1985). In Fig. 8 the escape probability radiative
transfer results are shown for kinetic temperatures of 10 K
and 30 K, and the average observed line ratios with typical er-
ror bars are indicated.

At least the averaged ratios are roughly consistent with the
emission being dominated by very cold gas, 8 to 15 K, at den-
sities of around 10* cm™ and up to moderate column densi-
ties. However, a detailed comparison of the values for individ-
ual sources from Table 2 with the escape probability radiative
transfer results shows that the model fails to explain the two
observed ratios within the error bars in each individual case.

4.3.2. Two-component model

In a next step we try to model the observed ratios as originating
from a superposition of two components, a warm dense and a
cool less dense gas component, so that

TE] =n [(1 - G)Tgold te- T\E\)/arm] > (6)

20 40 60 80
Inclination [deg]

Fig.7. Correlation plot of the R, ; (lower panel) and R, (upper panel)
line ratios vs. the inclination angle of the galaxies.

T}?j the observed brightness temperature of the observed transi-
tion i — j, T?ol 4 the brightness temperature of the cold phase,
T, .., that of the warm phase, € the fraction of the warm mate-
rial, and 7 the overall beam filling factor of the emission (it is
assumed to be the same for the observed transitions, which can-
cels out in the calculated ratios). Obvious choices would be a
warm and dense core region filling only a fraction € of the beam
(and varying in size relative to the beam from source to source)
and a more extended, cold, low-density component from the
galactic disc. The warm, dense component may also be dis-
tributed throughout the disc in the form of many localized star
forming regions. Using escape probability models we calcu-
lated the brightness temperatures for typical H, densities and
CO column densities per velocity interval, varying the filling
factor of the warm phase between 0.01 and 0.5. Selected re-
sults of the models are shown in Fig. 5. The adopted ad hoc
chosen parameters for the models a). . .e) are listed in Table 3.
From Fig. 5 it is obvious that it is possible to find solutions for
individual galaxies by interpolating the sample models a). . .e),
except for the galaxies with observed (2—1)/(1-0) ratios above 1
and (3-2)/(2-1) ratios below 0.3.

The two-component model however fails to explain the ap-
parent anti-correlation between R3 ; and R; ;, which arises from
the variation of the fraction € alone with otherwise fixed val-
ues for the warm and cold component. The tracks of varying
€ in each model a). . .e) run rather orthogonally to the R3 /R, |
trend.



966 H. Hafok and J. Stutzki: 2CO observations of Virgo Cluster spiral galaxies
---0304..14 === (0.8 1.1 1.3) ——- 0405 .19 -—--(0.81.1 1.3)
17 0.1 0.2 ..0.7 — (0.1 0.3 0.5) —— 0208 ..128 ——(0.2030.5)
NN T I: T " L T T T ~ T N T L T L
B
Nr_‘ -
‘E ’/E
o -
16 SoiizzTTooo-
‘V) ::
7
g
*
>
<
BN
8 15
Z,
an
S
Tyn=30 K 1
14 ML

log[n(He)/cm ]

dashed : Tpy('?C0 J=2-1)/T,(**CO J=1-0)
solid : Tpp(*2CO J=38-2) /T, (?C0o J=2-1)

Fig. 8. Escape probability-calculations of the CO (3-2)/(2-1) and (2-1)/(1-0) ratios at 10 K and at 30 K.

5. Conclusions

We have investigated a sample of 20 galaxies in the Virgo
Cluster, which have been selected to be the the bright-
est CO (1-0) emitters. We observed them in the CO (3-2)
and (2-1) lines using the KOSMA 3 m telescope with its 120",
respectively 80" beam. We detected 18 galaxies in CO (2-1)
and 16 in CO (3-2). This survey extends the database beyond
the handful of quiescent galaxies investigated in previous sur-
veys. The relatively large beam includes the complete CO emis-
sion in most cases, so that the correction for beam filling is rel-
atively straight forward, and we are able to deduce relatively
precise integral line ratios for these sources.

This data set is unique in the sense that it is not biased to-
wards selecting starburst galaxies or emphasizing the brighter
emission from the core region of galaxies, which has been the
tendency in most of the few previous CO (3-2) studies of exter-
nal galaxies. The CO (3-2) to (1-0) integrated line ratio in our
Virgo sample of galaxies covers a relatively narrow range of
values from 0.14 to 0.35, indicating that most normal galaxies
have a line ratio much smaller than that observed in the dense
core regions of nearby galactic centers or in starburst galaxies.

The observed line ratios R3 ; and R, | cannot be consistently
fitted by a single-component radiative transfer model, thus in-
dicating that at least a two-component model is necessary to
explain the global CO emission properties of the galaxies ob-
served. A straightforward two-component model, assuming a
warm, dense nuclear and a cold, less dense disc component for
all galaxies has a sufficiently large number of parameters to fit
most of the galaxies individually. It fails, however, to explain
the observed trend of line ratios within the sample galaxies, if
the anti-correlation results only from the variation of the rela-
tive filling factor of the warm gas, with the parameters of the
warm, dense and the cold, lower density component fixed to a
set of values typical for all galaxies.
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