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Abstract. 12CO J = 1-0, 2-1, 4-3, 7-6, andCO 1-0, 2-1, sub-parsec cloud sizes with area filling factosd. Thus CO
and 3-2 line emission was mapped with angular resolutionsasfses from quite a different gas component than the classical
13" — 22’ toward the nuclear region of the archetypical starburisigh density tracers (e.g. CS, HCN) that trace star formation
galaxy M 82. There are two hotspots on either side of the dytes more accurately. The dominance of such a diffuse molec-
namical center, with the south-western lobe being slightly mouéar interclump medium also explains observed high]{CO
prominent. Lobe spacings are not identical for all transitionne intensity ratios. PDR models do not allow a determination
For the submillimeter CO lines, the spacing~45’; for the of the relative abundances BfCO to'3CO. Ignoring magnetic
millimeter lines (COJ = 2-1 and 1-0) the spacing 426", fields, the CO emitting gas appears to be close to the density
indicating the presence of a ‘low’ and a ‘high’ CO excitatiotimit for tidal disruption. Neither changes in théC/*3C abun-
component. dance ratio nor variations of the incident far-UV flux provide

A Large Velocity Gradient (LVG) excitation analysis of thegood fits to the data for simulations of larger clouds.
submillimeter lines leads to inconsistencies, since area and vol- A warm diffuse ISM not only dominates the CO emission in
ume filling factors are almost the same, resulting in cloud sizte® starburst region of M 82 but is also ubiquitous in the central
along the lines-of-sight that match the entire size of the M 82gion of our Galaxy, where tidal stress, cloud-cloud collisions,
starburstregion. Nevertheless, LVG column densities agree wstiocks, high gas pressure, and high stellar densities may all
estimates derived from the dust emission in the far infrared acghtribute to the formation of a highly fragmented molecular
at submillimeter wavelengths. 2beam averaged total columndebris.!2CO, 12CO/*3CO, and [Q]/CO line intensity ratios in
densities ar@V(CO) ~ 510'® and N(Hs) ~ 10?3 cm~2; the NGC 253 (and NGC 4945) suggest that the CO emission from
total molecular mass is a few M. the centers of these galaxies arises in a physical environment

Accounting for high UV fluxes and variations in kinetic temthat is similar to that in M 82. Starburst galaxies at large dis-
perature and assuming that the observed emission arises ftantes £ ~ 2.2—4.7) show2CO line intensity ratios that are
photon dominated regions (PDRs) resolves the problems relatedsistent with those observed in M 82. PDR models should be
to an LVG treatment of the radiative transfer. Spatial densitiapplicable to all these sourcé$CO/2CO line intensity ratios
are as in the LVG casei(Hy) ~ 10*"cm=3 and~10°cm3  >>10, sometimes observed in nearby ultraluminous mergers, re-
for the high and low excitation component, respectively), bquire the presence of a particularly diffuse, extended molecular
12CO/3CO intensity ratios>10 indicate that the bulk of the medium. Here [G]/CO abundance ratios should be as large or
CO emission arises in UV-illuminated diffuse cloud fragmenesven larger than in M 82 and NGC 253.
of small column density ¥ (Hz) ~ 51C° cm2/kms~ ') and
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1. Introduction at the HHT during Feb. 1999 with beamwidths-ef22”, 18",

Low lying rotational transitions of CO are widely used as tra@nd 13, respectively. For the CO 3-2 and 4-3 transitions, SIS
ers of molecular hydrogen and are essential to determine %ewers were employed; the CO 7-6 line was observed with a
namical properties and total molecular masses of galaxies. Electron Bolometer (HEB) kindly provided by the Center
widespread use of CO= 1-0 and 2—1 Spectroscopy is howevJPr Astrophysics (Kawamu_ra et al. 1999). The backen_ds con-
not sufficiently complemented by systematic surveys in highdigteéd Of two acousto optical spectrometers, each with 2048
rotational CO transitions to confine the excitation conditions §f2nnels (channel spacing480 kHz, frequency resolution

the dense interstellar medium (ISM). While thie= 1 and 2 930KkH2) and a total bandwidth 1 GHz. .
states of CO are only 5.5 and 17 K above the ground level, the SPectra were taken using a wobbling (2 Hz) secondary mir-
J = 3 to 7 states are at 33, 55, 83, 116, and 155K and trd®& with a beam throw oft120 to+240’ in azimuth. Scans

a component of higher excitation. ‘Critical densities’, at whicAbtained with reference positions on either azimuth were coad-

collisional deexcitation matches spontaneous decay in the gsd to ensure flat baselines. Receiver temperatures were at the
tically thin limit, are~ 10°-6cm3 for CO.J = 3-2 to 7—6 in order of 170K at 331 GHz, 150K at 461 GHz, and 1000K at

contrast to 19° and 10-3 cm~3 for the ground rotational CO 807 GHz; system temperatures wereéd00, 3500, and 8000 K
transitions. on aT’; scale, respectively.

Starburst galaxies are known to contain large amounts of 1N€ receivers were sensitive to both sidebands. Any imbal-
molecular gas that may be heatefig, ~ 100 K by young mas- anc€ in the gains of the lower and upper _S|deband would thus
sive stars, cosmic rays or turbulent heating. Therefore hig@zd to calibration errors. To account for this, we have observed
excited CO transitions, observed at submm-wavelengths, Son-KL (at 807 GHz) and IRC+10216 (at 807 and 331 GHz)
the appropriate tool to study this interstellar gas componefior to our M 82 measurements with the same receiver tuning
Among the three nearesb(~ 3 Mpc) nuclear starburst galax-Setup- Peak temperatures were 70, 20, and 2.3 Kopstale,
ies, NGC 253, NGC 4945, and M 82 (NGC 3034) M 82 is moé&gspectively _(cf. Howe et al. 1993; Groesbeck et al. 1994). At
readily accessible from telescopes of the northern hemisphét@L GHz, Orion-KL {x ~ 70K; cf. Schulz et al. 1995) was
Containing one of the brightest IRAS point sources beyoff@@Pped but the tuning was later changed\ly = 200km s
the Magellanic CloudsSoo,.m ~ 1000Jy), M 82 has been ob-for M82 (see Sect. 3.2). . _ _
served at a variety of wavelengths, ranging from the radio to the All résults displayed are given on a main beam brightness
~-ray domain of the electromagnetic spectrum. The starburst§inperature scalelf,,). This is related tdl’y via Top, = T3
M 82s likely triggered by a tidal interaction with M 81, causing et/ Berr) (sé€ Downes 1989). Main beam efficienciébs,

a high infrared luminosity Lrir ~ 4 10°° L), a high density Were 0.5, 0.38, and 0.36 at 330, 461, and 80.6 GHz, as _ot_)talrted
of supernova remnants, and copious amounts of dense gas {RM Measurements of Saturn. Forward hemisphere efficiencies
strong OH andd,0 masers and a large number of moleculdt® 0.9, 0.75, and 0.70, respectively (D. Muders, priv. comm.).
high density tracers (for CO maps, see Sutton et al. 1983; Ol¥Yith an rms surface accuracy ef 20um ()/18 at 806 GHz),
sson & Rydbeck 1984; Young & Scoville 1984; Nakai et athe Ht—|T is qu_|te accurate. This reduces the ef_‘fect of the source
1986, 1987; Lo et al. 1987; Loiseau et al. 1988, 1990; Philli§@uPling efficiency on the measured source size.

& Mampaso 1989; Turner et al. 1991; Tilanus et al. 1991; Sofue At the center of M82, CO lineshapes depend sensitively on
etal. 1992; White et al. 1994; Shen & Lo 1995: Kikumoto et aih® Position observed, so thatin each of our maps the dynamical
1998; Neininger et al. 1998). center cou!d t)e identified with an accuracy better tHawhile

So far, few CO 4-3 maps of external galaxies were publishEg2tive pointing errors should be small when compared to the
(for M51, M82, M83, and NGC6946 see White et al. 1994Pacing (10) of our °CO J = 3-2 and CO 4-3 maps, relative
Petitpas & Wilson 1998; Nieten et al. 1999). Among these M g2inting is less reliable in the case of the UG 7-6 map; here
is the only true starburst galaxy but its CO 4—3 map (White 8gViations may react5” for a few positions.
al. 1994) is confined to the very central region. With respect

to higher rotational CO transitions, only a few CO 6-5 spectpa2. Observations with the IRAM 30-m telescope

were presented from nearby galaxies (Harris et al. 1991; Wild 13 . ;
etal. 1092). CO and'”>CO J = 1-0 and 2-1 observations were made with

We have used the Heinrich-Hertz-Telescope (HHT) on M!S receivers of high_image sideband_ rejectis®% db for 1-0
Graham (Baars & Martin 1996) to map M 82 in the J© 7—6, a/r,‘d’“13 db for 2-1 line data) of the inner 50< 50 (12CO/;
4-3, and'3CO 3-2 transitions. These data are complementgq SPacing for the central 2Q otherwise 10) and 20 x 20

by new.J = 2-1 and 1-0 spectra taken with the IRAM 30-n§1 CO; 5’ spacing) of M82 in June 1999. The measurements
telescope. were made in a position switching mode with the off-position

displaced by 15in right ascension. The twgCO lines (as well

as those of?CO) were measured simultaneously. Beamwidths
at 115 (/ = 1-0) and 230 GHzJ = 2-1) were 21 and 13 for-

2.1. Observations with the Heinrich-Hertz-Telescope ward hemisphere and beam efficiencies were 0.92 and 0.72 for

13C0O 3-2 (331 GHz~ 907um), 12CO 4-3 (461 GHz- 650um), theJ =1-0and 0.89 and 0.45 for thle= 2-1 data, respectively.
and!2CO 7-6 (807 GHz= 372um) line emission was observedCalibration was checked by observing IRC+10216. Measured

2. Observations
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towards the nuclear starburst region of M 82.

Upper left **CO J = 3-2 map over the central %0« 50”. Contour
200 levels are 14.2t0 71.0 by 7K kms ™.

Upper right *2CO J = 4-3 map over the central 80< 70”. Contour
1 levels are 124 to 620 by @ km s~ !,
4 Lower left >CO J = 7—-6 map over the central 40< 30”. Contour
1] levels are 64 to 320 by ® kms™*.

1100 The nominal reference positiondggso = 9" 51™ 43°, 51950 = 69 55

] 00", but in view of pointing errors (see Sects. 2.1 and 4.1), coordinates
| are best defined by a comparison with interferometric maps (e.g. Lo
—20 - 11 et al. 1987; Shen & Lo 1995; Neininger et al. 1998). For consistency
with other studiesD = 3.25Mpc is assumed throughout the paper.
L L L ] Recent distance determinations indicate slightly higher valuesie.g.
40 20 0 —20 —40 =3.9+0.3 Mpc; Sakai & Madore 1999).

20 -

line intensities werd,,;, = 17 and 43K for'2CO J = 1-0 and !2COJ = 4-3 line emission are displayed in Hi. 3. These out-
2-1 (channel spacings were 3.2 andKn6s ™', respectively) line the extent of the emission at various velocities, show the
and 2.3 and 6.0K fol*CO.J = 1-0 and 2—-1 (channel spacingsdominant rotation pattern with the red-shifted lobe in the north-
2.7 and 1.4ms™*; cf. Mauersberger et al. 1989). east and the blue-shifted lobe in the south-west, and indicate
the rapid change in radial velocity near the dynamical center

(cf. Neininger et al. 1998).
3. Results

3.1. Overall morphology of CO submillimeter line emission 3 2 consistency of CO line temperatures

Maps of integrated®CO J = 3-2,'2CO 4-3, and'?CO 7-6 Calibration at sub-millimeter wavelengths is critical because of
intensity are presented in Hig. 1. Detectable emission is stron%imy changing weather conditions, high atmospheric opac-
confined to the central part of the galaxy. In each map a partiGss, imbalances in the receiver gains between the sidebands,
larly wide spectral feature, with slightly smaller peak intensityg pecause of uncertainties in beam and forward hemisphere
than the most intense lines in the SW and NE, could be idedificiencies. Calibration uncertainties introduced by these ef-
fied with the dynamical center (see Hiy. 2 which also contaifis:ts may rise up ta-30% and a comparison with data pub-
IRAM spectra). Two main peaks of emission are detected, hghed elsewhere is needed. Intensities of BIEO J = 3-2

ing displaced by almost 0from the center (this correspondsspectra from the center, the south-western, and north-eastern
to a projected distance of 150 pc); the south-western hot sp¥es are smaller by-30% than those given by Tilanus et al.

is most prominent, while evidence for a third peak in the Nﬁ_ggl; their Fig. 3). Our spectrum from IRC+10216 is however

(at~ (177,17")), seen in the CQ = 4-3 and 7-6 maps, is Not3004 stronger (on &, scale) than that given by Groesbeck et
conclusive. Velocity channel maps of théCO J = 3-2 and
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Fig. 2. Spectra towards the center (middle), the north-eastern (left), |- —+ -+ -
and the south-western (right) lobe. The temperature is given in units [ T T ]
of main beam brightness temperature (K). Beamwidths afe 1%’, £ C*f s g
22',13’, 13", 21" and 27 for the *>CO 7-6,">CO 4-3,"*CO 3-2, = O£ £ i
12C0O and'®CO 2-1, and*>CO and'*CO 1-0 profiles, respectively. [ e e A
Offsets in arcsec relative to a nominal center position (sedJFig. 1) afé [ 50 50 50]
given in the upper right corner of each box. Small differences in thesg, - T T E
offsets are caused by pointing deviations (Sect. 2) or changes in sourcef T ] ]
morphology (Sect. 4). All data are smoothed to a channel width ofo — - s @ -
~10kms~!. Linewidths (compare e.g. thé = 2—1 and 7-6 profiles [ T T ]
from the south-western lobe with the corresponding 3-2 and 1-0 ~2° 3 L - ET il ET E

spectra) are affected by differences in beamsize. 40 20 0 —20 —40

Fig.3.13CO J = 3-2 (upper panéland*>CO J = 4-3 (ower pane)

channel maps. Center velocities are given in the upper right corner
al. (1994), so that our scaling is intermediate between thoseobfach box. The radial velocity range isi&s~" per image. The
Tilanus et al. and Groesbeck et al. 3= 4-3 line intensities lowest black contour, the lowest white contour and the interval are re-
(Fig.l2) are~30% larger than those given by White et al. (1994ypectively 1.& kms ™", 7K kms™',and 1.4 kms ™" (upper pane)
Since their data were obtained with higher angular resolutigd 14 kms ™", 70K kms™", and 14K kms ™" (lower panej on a
(JCMT beamwidth: 14), this difference is significant. A com- Lmb Scale.
parison with the three 4-3 spectra from the 10-m CSO shown
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by Gisten et al. (1993) shows good agreement for the lobe po-the contrarythe overall spatial distribution of emission from
sitions. Differences in 4—-3 peak temperatures between centrghly excited CO shows two main centers of emission
and lobe positions are however less pronounced than reportedAre the two main hotspots observed in the= 1-0 and
by Gusten et al. (we find peak line temperature ratios-@f3 2-1 transitions identical with those observed in higher excited
instead of~2.0 between the lobes and the center). Our CO 7@ lines? The position angles (east of north) of the lines con-
line intensities from Orion-KL agree well with those obtainedecting the hotspots are slightly smaller in our submillimeter
by Howe et al. (1993) with the 10-m CSO antenna. data (Fig[1) than in interferometric maps (cf. Lo et al. 1987,
Previous high angular resolution CO data from the 30-8hen & Lo 1995; Kikumoto et al. 1987; Neininger et al. 1998).
telescope (compare Fig. 9a of Loiseau et al. 1990 with our TBhis is likely an error in our data caused by measurements at
ble[d) were affected by uncertainties in the image sideband varying hour angles with pointing offsets along the azimuth and
tios. Our new data are not significantly affected by this problemlevation axes.
should be reliably calibrated withih10%, and agree well with More significant is @ifference in angular separatiolVhile
recent spectra obtained independently in an ‘on-the-fly’ obsetiie two main peaks of line emission observed by us are separated
ing mode (Weil3, in preparation). by 15’4+2”, the interferometric maps (Lo etal. 1987; Shen & Lo
1995; Neininger et al. 1998) show a separation ¢f2Z’. This
difference is larger than the positional uncertainties. A larger
separation in the lowr transitions is also supported by filled-
Claims that the large scaleR0”) integrated CQJ = 2-1/1-0 aperture measurements of Nakai et al. (1986, 1987) and Wild et
line intensity ratio were much larger than unity (e.g. Knapp at. (1992) for COJ = 1-0, by Loiseau et al. (1990) for CO=
al. 1980; Olofsson & Rydbeck 1984; Loiseau et al. 1990) can Re1, by Loiseau et al. (1988) f6#CO J = 2—1, and by us for
firmly rejected. The more recently measured ratios of 1.0 (Witte 12CO J = 1-0 and 2-1 lines. The C@ = 3-2 distribution
etal. 1992), 1.1 (Mauersberger etal. 1999), and 1.0-1.4 (Tabl¢Ti)anus et al. 1991) shows an intermediate lobe separation.
imply that *2CO line intensities of the three lowest rotational Which peaks are detected in the CO submillimeter lines?
CO transitions must be similar over the central 2Qur'*CO  The two main lobes of CO emission are located almost sym-
J =3-2line temperatures are a factoraf0 smaller than those metrically with respect to the kinematical center, both in lines
of the.J =3-2'2CO transition observed with the same telescop# low (e.g. Neininger et al. 1998) and high (see Flg. 3) excita-
(R. Wielebinski, priv. comm.). The situation with respect to thigon. We can therefore exclude that we see the north-eastern lobe
J = 6-5line remains unclear. 6-5 spectra from the western loded the ‘compact central core’ (see Shen & Lo 1995; Neininger
(Harris et al. 1991) and the center (Wild et al. 1992; their Fig. 2t al. 1998) that are separated ®y15”. Instead,the sudden
do not allow a beam convolution to the angular resolution dfop of angular separation from 27to 15’ must reveal in-
the lower frequency data and the beam pattern appears tchbmogeneities in the molecular ring that are characterized by
complex. OurJ = 7-6 data show peak line temperatures @hanges in density and temperatureaddition to thehigh CO
order 2-3 K. This is smaller than the 4 K measured inftve  excitation componenthere exists dow CO excitation com-
4-3 and lower/ transitions with larger beam sizes. Beyohd ponent, mainly emitting in the CQJ = 1-0 and 2-1 lines. The
4-3 we thus finalear evidence for a weakening of CO emissiotransition in lobe separation occurs at the 3-2 line: In CO
with increasing rotational quantum numbér J =3-2 (Tilanus et al. 1991) the separation is stifl0”. 13CO
J = 3-2 emission with smaller optical depths and less photon
trapping requires, however, higher excited gas so that the lobe
4. Spatial distributions: are there differences? separation becomes smaller.
Since lobe separations are often comparable to the angu-
4.1.CO lar resolution of the particular observation, integrated intensity

A comparison of the CQ = 4-3 data presented in Fig. 1 withmaps may be misleading as they easily exhibit structure dom-
those of White et al. (1994) shows a strong discrepancy in ti@ted by the superposition of components with identical lines
overall spatial distribution: Our CQ = 4-3 map contains (at Of sight but different velocities. To clarify the situation, we thus
least) two maxima of emission, while the higher angular reBresent in Fid.4 position-velocity maps of the CO= 4-3
olution data of White et al. (1994) have only one peak. Daf@ur HHT map with highest signal-to-noise ratio and best rela-
with only one peak (that are based on spectra with sufficidfe pointing) and CO 21 (WeiB3, in preparation) line emission.
resolution to separate the lobes) are also presented by Wild3egam widths are 18and 13, respectively. Surprisinglyhe p-v

al. (1992; their Fig. 10 and Table 5) f6fCO and G80 J =2—1. diagrams do not reproduce the strikingly different lobe separa-
The original®CO J = 2—1 spectra displayed by Loiseau et afions seen in the integrated intensity mapisis also holds when
(1988; their Fig. 1), however, clearly show a double-lobed digomparing CQJ = 2—1 with 7—-6 emissionThis hints at wider
tribution. Maps in the lows 12CO and'*CO transitions (e.g. Lo line profiles for the higher excited CO transitions at the inner
etal. 1987; Nakai et al. 1987; Loiseau et al. 1988, 1990; Tilangdges of the CU = 1-0 and 2-1 lobesThis is corroborated by
etal. 1991; Shen & Lo 1995; Neininger et al. 1998) as well &39.4 that shows, for the CO=4-3 line, a slightly smaller lobe
our.J = 7-6 (Fig. 3), 2-1 and 1-0 da#dl show a double-lobed separatiorand a significantly larger full-width-to-half-power
structure. We thus conclude that, in spite of previous evideriee width towards the inner edge of the south-western lobe.

3.3. Line intensity ratios
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Table 1. Line intensities " = T1,1,), integrated line intensitied = [ T, dv), and line temperature ratios for a beamwidth of 22CO J =
1-0 and 2-1 data were obtained with the IRAM 30-m telescope, higher excited rotational lines were measured with the HHT.

Line or Line Ratio Positioh
NE-Lobe Center SW-Lobe

Line temperatures
T(COJ =7-6) (K) 1.08:0.11  0.82£0.11  1.370.11
T(COJ =4-3) (K) 3.46:0.18  2.82:0.18  3.72:0.18
T(COJ=2-1) (K) 4.16:0.03  4.26:0.04  5.33-0.03
T(CO J =1-0) (K) 4.18-0.03  3.14:0.02  5.08-0.03
T(**COJ =3-2) (K) 0.46:0.03  0.28:0.03  0.410.03
T(*3*COJ =2-1¥ (K) 0.46£0.02  0.3#0.02  0.58:0.02
T(*3COJ = 1-0) (K) 0.36:0.02  0.19-0.01  0.3@-0.02
Integrated Intensities
I(COJ =7-6) Kkms™') 132.3:5.8 177.&54  167.2:6.4
I(COJ =4-3) Kkms™') 465.3:12.9 493.312.1 503.612.6
I(COJ =2-1) Kkms™') 674.3:0.8 847.%1.2 804.%1.1
I(COJ = 1-0) Kkms™') 573.9-0.6 663.0:0.6 672.8-0.8
I(**C0J =3-2) Kkms ') 51.2:4.9 71.23.8 68.0:2.8
I(**COJ = 2-1F (Kkms™')  58.9+1.1 59.8:0.9 69.0:1.1
I(**C0OJ =1-0) Kkms™!)  40.14+05 41.6:0.3 58.8:0.6
Ratios
T(COJ = 7-6/COJ = 4-3) 0.32:0.03  0.29:0.04  0.370.03
T(COJ =4-3/3C0OJ=3-2) 8.50:0.87  10.#1.26  9.0%0.80
T(CO J =2-1/COJ = 1-0) 1.08:0.01  1.36:0.02  1.0&0.01
T(**COJ =3-2/3CO J = 2-1f 0.870.08  0.96:0.11  0.710.06
T(*3COJ =2-1/3C0O J = 1-0f 1.53+0.08 1.63-0.06  1.93:0.04
T(COJ =2-1/CO J = 2-1f 9.04-0.40  13.20.90 9.19-0.32
T(COJ =1-0/C0OJ = 1-0f 13.9£0.93  16.5:0.88  16.7Z&1.12
I(COJ = 7-6/COJ = 4-3) 0.28:0.01  0.36:0.01  0.33:0.02
I(COJ =4-3/3COJ =3-2) 9.09-0.91  6.88:0.40  7.40:0.36
I(COJ = 2-1/COJ = 1-0) 1.120.01 1.280.01  1.28:0.01
I(**COJ =3-2/3C0OJ = 2-1f 0.87£0.08  1.26:0.06  0.99:0.04
I(**COJ =2-1/3C0O J = 1-0f 1.4740.03  1.44-0.02  1.170.02
I(COJ =2-1/3CO J = 2-1F 11.4£0.21  14.2:0.21  11.70.19
I(COJ =1-0/COJ = 1-0f 14.3£0.18  15.9:0.12  11.4:0.12

* Given Ir errors inTwp and [ Twrdv were determined from gaussian fits and neither include calibration uncertainties (see Sects. 2 and 3.2)

nor errors caused by the limited spatial coverage of our CO 7-@{Fit'@ 2—1, and3CO 1-0 (Sect. 2) maps. For the beam convolution,
gaussian distributions were assumed for the telescope beam and the source. While all measured positions were taken for beam convolution, the
CO J = 4-3 beam size is almost as large as that for'#@0 J = 3—2 spectra. Therefore only five measured £ 4-3 spectra, the profile

measured toward the specific position and those with offsets’baldhg the four cardinal directions, dominate the convolution. Fotjtke

7-6 line, spatially constraining the convolution to positions with weigh@s3 orA = 11”7 (weight = exp[—4 In 248%/(%, — 62,))]; A: Offset;

01 =22, 62 = 18" or 13’ for J = 4-3 and 7-6 spectra, respectively) modifies the result by ©66.

P For the offsets in arcsec, see £h. 2.

¢ Because of the limited extent of tHéCO J = 2—1 map (Sect. 2.2}2CO 2-1 values for the lobes should be considered with caution. The
problem is less severe for tH&CO J = 1-0 transition, because beam convolution is not required in this case.

4.2. Other tracers of the interstellar medium Since the dynamical center of the galaxy is located not too

. : . . far from the mid point of the line connecting the lobes, these
Table[2 displays lobe separations determined by various trac- :
e ) . .. data show evidence for an even more complex structure than

ers of atomic line, molecular line, or dust continuum emission

: P indicated by the CO data alone. The hot dust angl 8mission
;hZrc?rzrlelitnhergiﬂg\t\?Zigigt]igol::asrh%\?\}?\?vo ma:xlir?/weylzr:i?a.n from the inner parts of the ring may trace the most recent star
IaFr) distance o~26". Highly excited lines and the far-infrare%ilrlormation activity as it propagates outwards into the molecu-

- gty . " lar lobes located at larger galactocentric distances (Alton et al.
and mm-wave continuum show a lobe separation ®8’. The

continuum in the near and mid infrared and theyBine show 1999).
an angular spacing ef10".



R.Q. Mao et al.: Dense gas in nearby galaxies. XIlI 439
Table 2. Lobe separatioris 400 L ' 4
Tracer Separation  Reference

arcsec
Continuum 300 F ]
2.2um 9+1 McLeod et al. (1993) -
2.2um 8+2 Dietz etal. (1986) 3
10.Qum 9+1 Dietz etal. (1989) < ol ]
10.8:m 9+1 Telesco etal. (1991) g
12.4um 9+1 Telesco & Gezari (1992) §
19.2um 11+2 Telesco etal. (1991)
19.5um 10£2 Dietz et al. (1989) 100 | 1
30.Qum 10£2 Telesco et al. (1991)
450um 16+2 Alton et al. (1999)
450um 16+3 Smith etal. (1991)
450um 14+1 Hughes et al. (1994) ol ]
850um 16+2  Alton et al. (1999) P o : s "o
13OQLm 18t+4 Krl]gel etal. (1990) Position (arcsec)
gzggm i;ij g‘::(;z?;re?t;l (%%98?) Fig. 4. Position-vel_ocity diagram for CQ = 4-3 (solid !ines; our data) _
and 2-1 (dashed lines; data from Weif3 (in preparation)) along the line

Spectral line$ connecting the south-western and north-eastern lobe. Angular resolu-
Bry 2.16um 10£2  Lester et al. (1990) tions are 18 and 13, respectively. The zero offset position is located
Brv 2.16um 1042  Larkin etal. (1994) half way between the emission peaks. CO c.ontou.rllevels are 50%,
[Ne 1] 12.8um 1561 A&L (1995) 60%,..., 90%, and 99% of the respective peak intensities (see[Table 1).
CO 7-6 0.37mm 153 This paper
[C1] 0.6 mm 216  White et al. (1994) Since the far infrared and submillimeter continuum are as-
CO 4-3 0.65mm 143  This paper sociated with the central portion of the ring, this is the location
CO3-20.9mm 285 Tilanus etal. (1991) where column densities of the cool dense gas must be largest.
13C03-20.9mm 133  This paper
(?O 2-11.3mm _ 243 Loiseau et al. (1990) 5. Excitation analysis
3C02-11.4mrh 15+5 Loiseau et al. (1988)
CO 1-02.6 mm 262 Shen & Lo (1995) The J = 7-6 transition is the CO line with highest rotational
CO 1-02.6 mm 2%3 Carlstrom (1988) guantum number so far observed in M 82. Measurements of
CO 1-02.6mm 223 Loetal. (1987) this line widen the range of excitation accessible by CO data
CO 1-0 2.6 mm 165 Nakai et al. (1987) considerably. To analyse these excitation conditions, we have
1300 1-0 2.7mm 222  Neininger et al. (1998) performed radiative transfer calculations using a Large Velocity
CS2-13.1mm 263 Baan etal. (1990) Gradient (LVG) model describing a cloud of spherical geometry
HCO' 1-0 3.4 mm 20+2  Carlstrom (1988) (see Appendix A).
HCN 1-0 3.4 mm 243 Carlstrom (1988)
HI21cm 293  Weliachew et al. (1984) 5.1. Physical parameters: our data

# Errors are mainly by-eye-estimates.
® From Fig. 10 of McLeod et al. (1993)

¢ Lobe separations refer to maps displaying integrated line intensiti

4 Achtermann & Lacey (1995)

¢ Since the CQJ = 4-3 map of White et al. (1994) lacks the chara
teristic double lobed structure, their [{Z492 GHz map should also be

confirmed by independent measurements.

C-

The three submillimeter CO transitions measured by us arise
from thehigh excitation componenghow a similar spatial dis-
fitbution, and can therefore be used simultaneously in a radiative
transfer analysis. To obtain true line intensity ratios, the CO 4-3
and 7—6 spectra were smoothed to the angular resolution of the
13CO 3-2 data. Tabld 1 displays these ratios for a beamwidth of

f The given lobe separation refers to Fig. 2 of Loiseau et al. (1988), d&2’, assuming gaussian beamshapes. As indicated by the spatial
playing integrated line intensities. Peak line temperatures (their Fig distributions (see Fifl 1), line ratios are similar toward the lobes
show a separation 625", and the central beam. CO 7-6/4-3 (integrated) line intensity

& The interferometric HCO map of Carlstrom (1988; angular resolutatios are at the order of 0.3, whiléCO 4-3}/3CO 3-2 ratios
tion: 10") shows two pronounced peaks. Itis however difficult to idergre 7 — 10(see Tabl€]1).

tify the lobes in the integrated intensity map of Seaquist et al. (1998; |, Appendix A (Fig[A1) we plot our LVG line in-
angular resolution 350 x 325). This may be caused by missing fluxe ity ratios as a function of density, kinetic temperature,
in the latter map. 12COM3CO ratio, and CO ‘abundance’ (i.eX (CO)/grad/
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Table 3. LVG model parameters (compare with Table 4)
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1998), butcolumn densitieare large: WithV(CO) = 3.08 168
[ncolem™3] [(AV/gradV)/pc] cm2, we obtain the 22beam

Footnote averaged and cloud averaged column densities displayed in Ta-

High excitation comp. ble[3. For a line-of-sight source size of 350 pc a¥iHs)2o/
12c0M3¢co 50-75 a = 10?3 cm™2 (see Tabl€13), the beam averaged mean molecu-
Tkin 60-130K lar density is(n(Hs)),,, ~ 200cnm? and the volume filling
n(Ha) 10%3--39cm™3 factor becomeg, 20 = (n(Hs))/n(Hsz) ~ 0.05. Since the ratio
fa,00m 0.04...0.07 b fv.221 fa 22 denotes the line of sight dimension of the clouds
fasr 0.07...0.11 b in units of the beam size, we obtain withio.q = 0.5tg 22
o220 ~0.05 ¢ Dy [ fv,2217] fa,227] ~ 150 pc a characteristic cloud radius (that
7(COJ =1-0) 05-45 will be discussed and revised in Sects. 6.2 and 6.3). The total
7(COJ=2-1) 3.5-15 molecular mass i8/,,01 207 ~ 1-7 16 M
7(CO J = 4-3) 1040 mol,22 o
7(CO.J = 7-6) 6-25
N(COarr ~510"* cm~? d 5.2. Physical parameters: all CO data
N(Hz2)ao ~10?% cm2 d
N(COioud ~10%° cm—2 e So far, we have only analysed the ‘warm CO component’ of
N(H2)ecloud ~10%25 o2 e M 82, exclusively seen in3CO J = 3-2 and higher excited

~10%2 cm2/kms™* rotational transitions. To combine these results with data from
(n(Hz)) g9 ~200cm™® lower J rotational transitions and to further elucidate the physi-
Tcloud ~150pc f cal state of the gas, Fifs—1 show (integrated) line intensities
Minol 227 ~1-710 Mg as a function of quantum numbér Calibration errors are at the
Low excitation comp. order of£10% in theJ = 1-0 and 2—1 lines an#20% in the
n(Hz) ~10*cm™3 higher excited lines.

Figs[® andb show (integrated) line temperatures for'a 22
b £ ot Area filling factor for the central 22 t_>eam toward the dynamical center of the galaxy.[Big. 7 displays
¢ ¥, 390 Volume filling factor for the central 22 line temperatures for a ¥%eam toward the lobes and demon-
4 N(CO)arr, N(Ha)aar: 22" beam averaged total column densities Strates that CO excitation is similar toward the south-western
¢ N(CO)toua, N(H2)cioua: 22" cloud averaged total column densitie2nd north-eastern hotspot. Results from radiative transfer cal-
f raoua: Characteristic molecular cloud size culations (see Sect.5.1 and Appendix A) are also given. Input
parameters correspond to the four boxes in[Eigl. A.1 that provide
a promising fit to the data (log{(CO)/[gradV /km s~ ' pc™!]
with X(CO) = [COJ[H.]). For the line parameters given=—5 or —4 and'?’CO/*CO =50 or 75).
in Table [, reasonable solutions can be found for small Apparently there is a problem with the CO= 4-3 line:
CO abundancesX(CO)/gradV’ ~ 106 pckms™') and high The integrated intensity (Figl 6) does not allow a reasonable fit,
12CO/3CO ratios & 75). High CO abundanceX(CO)/grady  While the peak intensity (Fi@l 5) is ‘appropriate’. This is caused
~ 10-3 pckms~') and small'2CO/3CO ratios are however by the narrow lineshape of our 4-3 spectrum (Hig. 2). Compared
not providing a realistic So|ution, because Hensities would with other |ineS, the integrated line intensity is too Sma”, but
approach 19cm~3 and would thus become prohibitively smallthe peak line temperature is almost ‘normal’. The €6 4-3
Calculations assuming a plane-parallel instead of a spheriBdfile, shown by @sten et al. (1993) for the central position,
cloud geometry would y|e|d even smaller densities. is also Weak, both with I’eSpeCt to its peak and integrated line
A comparison of linewidths and velocity drifts with theintensity. The emission from the lobes, however, fits into the
size of the region suggests greid~ 1kms~'/pc. With this generaltrend (Figl7). Aninterpretation in terms of a diminished
value andX (CO) ~ 10-° — 104 (e.g. Blake et al. 1987; Far- lobe separation for CO > 4-3 (see Sect. 4.1) is not conclusive:
quhar et al. 1994) we can exclude'3CO/3CO abundance The 22" beam centered on the dynamical core of M 82 is mainly
ratio as small as 25 and are gu|ded to the four diagrams(‘&'nﬁned to the inner pal’tS of the lobes and should not be greatly
Fig.[AJ with log X (CO)~ log (X (CO)/[gradV /kms~* pc-1])  affected by emission from further out. A CO= 4-3 deficiency
= —5or —4 and'2CO/*3CO = 50 or 75. Our parameters ardS neither seen in Figl 7 nor in a corresponding plot showing
summarized in TablE|3. Kinetic temperatures &g ~ 60 — integrated intensities for a 1oeam.
130K, densities:(H,) ~ 10°3-39 cm—3, and area filling fac- To summarize: Data from thé = 4-3 line are contradic-
tOrS fo 227 ~ 0.04 — 0.07 andf, 15~ ~ 0.07 — 0.11. While tory so that convincing evidence for a true anomaly is missing.
the density is well constrained, the kinetic temperature is ld§sspite of differences in lobe separation (Sect.4.1), the CO
well determined. Solutions witfi;,, = 150 K are however un- data can be reproduced, within observational errors, with den-
likely because they would require,Hiensities<10° cm=3.  Sities, temperatures, filling factors, [COJ/4Habundances, and
Even excluding such extreme solutions, the density of the CG-O/*CO isotope ratios deduced from the three submillimeter
emitting gas is small when compared with that of the Oridkansitions mapped by us with the HHT (Hig. 1).
Hot Core (e.g. Schulz et al. 1995; van Dishoeck & Blake

& Abundance ratio
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Fig. 5.Peak line temperatures as a function of rotational quantum nu

Eit::] 6. Integrated line intensities as a function of rotational quantum
berJ (J — J — 1) for a beam size of 22oward the dynamical center _~ _ . .
of M 82. 2CO: Open square: Wild et al. (1992); stars: Mauersbergnumber‘] (J —J 1) for a beam size of 22toward the dynamical

) e A ) ECnter of M 8212CO: Open squares: Wild et al. (1992); open triangle:
etal. (1999); open triangle: R. Wielebinski (priv. comm.); circles: thi Usten et al. (1993); stars: Mauersberger et al. (1999); circles: this

paper.!3CO (crosses): this paper. Results from radiative transfer cg- 13CO (crosses): this paper. While most of our spatially convolved

. : . paper.
culations are given fot>’CO and'®*CO. Solid lines:X(CO)/gradV’ S " : .
- 10~ and 1.33107 pokm s, n(Hz) = 8000 cnT?, Ty = 70K: integrated line intensities were obtained from relatively extended maps

dashed linesX (CO)/gradV’ = 10~° and 2107 pckms™!, n(Hs) E)seg Fl%ll.)’ ﬂt]e cotn\/lolutlon of oEﬁ‘COSJ :tzglzdaflt_i may tz)elzaﬂ;céed
= 5000cm®, Tiin = 100K; dotted lines:X (CO)/gradV = 10~* y(;n4$u3E;ninfspa\l/e\t“;ozerﬁlgleggge ;‘;3 X )tl | 1993_ ’ b_ od
and 1.33106 pckms—", n(Hz) = 2000cm?, T = 80K; dash- 210 4—3 datafrom Wild etal. (1992) andigien et al. (1993) are base

S hpyay 6 1 _on few observed positions only. These cover the ridge of strong CO
ggggcigges;((cpiggidv = 107" and 2107 pckm s, n(H) = emission and only allow to estimate intensities for the dynamical center
s Lkin = .

of M 82. To account for the missing positions, the resulting integrated
intensities were multiplied by 0.85 (the factor was deduced from the
COJ =3-2map of Tilanus et al. 1991). Results from radiative transfer
There are few constraints for th@w excitation component calculations are also given (for the parameters, seéJFig. 5).
thatis mainly seenin the CO=1-0 and 2-1 lines. The column
density must be smaller than for the high excitation component
because the latter is more closely related to the far infrared 4@ excitation component agree to a large extent with those of
submillimeter continuum from the dust (Sect. 4.2). In view dhe one component scenario ofi€en et al. (1993).
the remarkable number of ‘super’-star clusters (O’Connell et For the highly excited gas we thus also find optically thick
al. 1995) and supernovae (Kronberg et al. 1985) near the ouUts&€O low-J emission and a hight}COJ/['3CO] abundance
portions of the ring, cloud temperatures for the low excitatioiatio (50; see Tabl€l3), that is further supported by an in-
component should also B&;,, > 10K. ForTii, ~ 50K, LVG dependent chain of arguments involving CN ari€N data
densities are at the order ofHy) ~ 10° cm~2 or less. (see Henkel et al. 1998). While the LVG model result is shown
to be inconclusive in Sect. 6.3.2, the CN data suggest that the
[*2COJ/[*3CO] ratio is larger than that observed in the galactic
6. Discussion center region. Likely explanations are radial infall&€O defi-
cient gas from the outer parts of the galaxy 6t@ excess in the
ejectafrom massive stars (e.g. Henkel & Mauersberger 1993). In
The most detailed models of CO emission from M 82 were so fagreement with @sten et al. (1993) we also find that excitation
provided by Gisten et al. (1993). In order to fit tH&CO/3CO in the south-western and north-eastern lobe is similar. Since our
J = 1-0 and 2-1 line intensity ratios then available, they reew data allow us to constrain kinetic temperatures to the high
jected a one component LVG scenario and introduced two gawd of those predicted by the one component scenaridisted
components, one of lowy(Hz) ~ 10° cm~2) and one of high et al. (I}, = 30-70K), our densities are at the low emndi>)
(~10° cm~3) density. The low density component is similar toS 10* cm=3, since the produc;, n(H,)'/? is approximately
that proposed by us for the gas mainly emitting in the £6 conserved among models simulating optically thick subthermal
1-0 and 2-1 lines (see Sect. 4.1). Our parameters for the hi@@ emission). There is a remarkable agreement with respect

6.1. A comparison with other LVG simulations
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3 L T T 1998), and infrared fine structure lines (e.g. Lugten et al. 1986;

r 1 Lordetal. 1996).

Another problem is théensity of the gasbserved. A den-
sity of n(Hs) < 10* cm~2 is small when compared to the proto-
typical ‘hot core’ associated with the Orion nebula, violating a
sometimes noted similarity between these tiny, highly obscured
galactic star forming regions and the more extended starbursts
studied in external galaxies (e.g. Lo et al. 1987; Wolfire et al.
1990). More seriously, the molecular density determined by us
for the starburstin M 82 is smaller than most theoretical studies
and observational data permit: Assuming ‘reasonable’ density
stucture 4 (Hs) o< »—1+~2) and accounting for the intense UV
field, Brouillet & Schilke (1993) find that molecular clouds with
densities less than a few times*kfn—2 should not exist in the
central region of M 82. For the transition region between the
atomic and molecular gas they propose a density 6f16m—3
= L which disagrees with the range of densities deduced from our

. . ‘ ” LVG analysis in Sect. 5.1 (for cloud stability against tidal stress,

O ,2 4 © 8 see Appendix B).
Rotational Quantum Number J Studies of high density tracers (e.g. CS, HCN, and HEO
Fig. 7.Peak line temperatures as a function of rotational quantum nug@mmonly reveal densities(H) 2 10*cm™3 (e.g. Mauers-
berJ (J — J — 1) for a beam size of 15toward the south-western berger & Henkel 1989; Brouillet & Schilke 1993; Paglione et
(squares) and north-eastern (stars) lobe of M 82. Alltemperatures watel997; Seaquist et al. 1998), even for the low excitation com-
rescaled for coupling the 1%eam to a source solid angle (at a giveponent (compare Mauersberger & Henkel 1989 with Baan et all.
velocity) of = 100 arcset (e.g. Lord et al. 1996).°CO J = 1-0: 1990). In view 0fl}1,.s; = 48 K (Hughes et al. 1994; Colbert et al.
Nakai et al. (1987; 16), this paper (22); / = 2-1: Wild etal. (1992; 1999) radiative excitation by infrared photons should not sig-
13"), this paper (13); J = 3-2: Tilanus et al. (1991; 19; J = 4-3: i any alter the density estimates (see Carrol & Goldsmith
Gusten et al. (1993; 19, this paper (18); J = 7-6: this paper (13. 1981 and Appendix C). Millimeter wave recombination lines
13CO (crosses)J = 1-0 and 2—1: this paper (22nd 13); J =3— [ PP PR ) -
2: Tilanus et al. (1991; 14, this paper (2%). Results from radiative indicate the presence of an |qn|zed component with Io_w filling
transfer calculations are also given (for the parameters, seld Fig. 5)factor and high electron density(> 10 cm™?; Seaquist et
al. 1996). This gas may be associated with a population of (ul-
tra)compact HIl regions or with shock ionized dense molecular
to CO column density, KHdensity, and molecular gas mass benaterial. Far infrared fine-structure lines, if tracing the interface
tween various studies (cf. Tilanus et al. 1991; Wild et al. 199Between the molecular and the ionized gas, indicate densities
Glisten et al. 1993). of 103349 cm~3 (e.g. Lugten et al. 1986; Wolfire et al. 1990;
Lord et al. 1996; Stutzki et al. 1997; Colbert et al. 1999) that
may agree too well with those derived by us for CO (Sect. 5.1).
An interesting aspect is also provided kipetic tempera-
Our CO data could be reproduced by assuming the presehwe estimates: Witl{i;, ~ 20—60 K (Seaquist et al. 1998; this
of two gas components. Selecting such a ‘best’ model, wamperature is consistent with the estimated cosmic ray flux; see
could discriminate between previously proposed scenarios andlk et al. 1989, Suchkov et al. 1993, and Fig. 2 of Farquhar et
could constrain cloud conditions giving rise to highly excitedl. 1994) the temperature of the dense molecular gas appears to
CO emission to slightly higher temperatures and smaller deagree fairly well with that of the dustf,s; = 48 K; Hughes et
sities than previously suggested. On a deeper level, howewatr1994; Colbert 1999). This is further supported by an apparent
there remain problems. While calculated CO column densitiesk of CH;OH and SiO emission, two tracers of high temper-
(Sect. 5.1) appear to be correct (see e.g. Fig. 2 of Lo et al. 138udre gas that are easily seen in other nearby starburst galaxies
and Fig. 3 of Smith et al. 1991), an obvious puzzle is the lar@idenkel et al. 1991; Mauersberger & Henkel 1993). The sur-
volume filling factor (f, 22+ ~ 0.05) that is comparable to therounding neutral and ionized layers have larger temperatures, at
area filling factor (Sect. 5.1). This forced us to postulate a chére order of 50-100 to 200K (e.g. Lugten et al. 1986; Wolfire
acteristic cloud radiusr{,uq ~ 150 pc) that encompasses &t al. 1990; Lord et al. 1996; Colbert et al. 1999). An analysis
large part of the studied volume. Such a large cloud radiusaB[C 1] 492 and 809 GHz emission from the south-western lobe
inconsistent with the expectation of similar scale lengths alon§M 82 (Stutzki et al. 1997) shows a particularly striking simi-
the three dimensiong{ oo ~ f§/222) and with thespatial fine larity in density, temperature, and area (but not volume) filling
structurededuced from CO (e.g. Shen & Lo 1995; Neiningeiactor with our LVG parameters derived for CO (Sect. 5.1; the
et al. 1998), high density tracers like HCN and HEQe.g. [C1/CO abundance ratio then becomeB.4). It seems asif CO
Brouillet & Schilke 1993; Paglione et al. 1997; Seaquist et avere an integral part of the dense atomic gas layers of M 82.

Peak Ty (K)
~

6.2. Intrinsic inconsistencies of the model
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6.3. A PDR model for the CO emission from M 82 would drop by one to two orders of magnitude below the value

estimated in Sect. 5.1. If the area filling factor is not drastically

altered, this yields reasonable molecular cloud rgdid pc (see

To resolve inconsistencies related to CO fine scale structu®ect. 5.1 and Lugten et al. 1986; Wolfire et al. 1990; Brouillet

H, density, and kinetic temperature (Sect. 6.2), we note tha&abchilke 1993; Shen & Lo 1995; Seaquist et al. 1996; Stutzki

significant fraction of the molecular gas in the Milky Way liegt al. 1997). The apparently intermediate temperature of the CO

in photon dominated regions (PDRs; see Hollenbach & Tieleagitting gas between those of the dust and the dense atomic

1997). A PDR model is also successfully applied to simultangedium is naturally explained by mid-CO emission predom-

ously explain CO and [G] line intensities in the central regioninantly arising in the heated surface layers of dense molecular

of the late-type spiral IC 342 that is not a starburst galaxy beipuds.

that is believed to be a face-on ‘mirror image’ of the galactic To summarize: PDR simulations 85fCO emission remove

center region (Schulz et al. in preparation). inconsistencies related to spatial fine scale structure, density,
In the central region of M 82 with its high UV flux, the bulkand kinetic temperature. So far published PDR results fail how-

of the interstellar line radiation likely arises from PDRs. As wever when3CO is also considered. Calculaté€O/3CO line

have seen (Sect. 6.2), the coolest gas component is observethtensity ratios are much smaller than the ratios observed (see

ward the dense cloud cores, a situation that is consistent with Tiale[d and Kster et al. 1994) and a more detailed numerical

inside-out temperature gradient expected in the case of PD&3alysis is therefore needed.

While CO excitation by infrared radiation from the dust can be

neglected (see App_endix C), the impr_slct of UV photons m@y3 5 ppR model calculations

strongly affect rotational level populations and measured CO

line intensities in regions with high UV flux. Estimating the farFor a numerical approach we note that the beam averaged col-

UV flux (6.0 — 13.6eV) in the starburst region, Wolfire et aumn density {V(Hz)22 ~ 10°* cm~?) and the beam averaged

(1990), Stacey et al. (1991), Lord et al. (1996), and Colbert@gnsity (n(Hz)),,, ~ 200cnt?) are observationally deter-

al. (1999) findy ~ 10839 (x: incident far-UV flux in units mined (Sects. 5.1 and 6.2) and do not depend on the choice of

of the local galactic flux, 1.6 1@ ergs ! cm~2). Such a high the excitation model if a significant fraction of the dust is asso-

value leads to outer cloud layers that are predominantly heagéated with molecular clouds. Complementing these boundary

by collisions with electrons photoejected from dust grains épnditions, we obtain (cf. Sect.5.1)

through collisional deexcitation of vibrationally excited, UV-Tcloud 200 et~ /n (Ha)ppR

6.3.1. General aspects

pumped H. ~ 175 1)
Exploring effects of finite cloud size for clumps with plane- [pe] Tco ebserved/Tco PR

parallel geometry, Kster et al. (1994) presented comprehensiead

computations of CO rotational line intensities from PDRs. In N (Hs)ppr 1023 /300

contrast to the constant temperature LVG treatment presenTredﬁkii1 ~ o T (2)

in Sect. 5, PDR models account for strong kinetic temperatufe” > ] C0 observed / Tco PR

gradients. The low/ lines typically arise from deeper inside thayith 200 cni3/n(Hs)ppr denoting the volume filling factor,
clouds than the midF lines observed by us (Sect. 3.1). Reprofo opserved/Zco por being the area filling facton(Hz)ppr
ducing observed line ratios of optically thicRCO emission, giving the average density, amdi(H,)ppr representing the
PDR model densities are larger than those derived from a an@rage column density of an individual clump pens™*
temperature, one density LVG model. PDR line intensity rati¢g800km s~! is the total CO linewidth of the nuclear re-
only surpass unity if the higheHine has a critical density (for gion of M82; N(Hs)ppr = (4/3) retoud - n(Ha)ppr and
the values, see Sect. 1) thatis smaller than the actual gas deng{thl,)ppr _cloud—surface = 0.5-n(Hz)ppr for the assumed
Then, both lines are approximately thermalized but the highsloud geometry and density structure, see below).
J-line is emitted from warmer layers further out. For densities Since embedded clumps of dense gas may more often be
at the order of 5 19cm~? (the density deduced from our onespherical than plane-parallel, spherical clouds with a power law
component LVG model in Sect. 5.2§,CO PDR line tempera- density distribution#(r) ~ r~'-5) were modeled with the dust
tures rapidly decrease with rotational quantum numhbeffor  being heated by the external UV radiation and intrinsic infrared
X ~ 10° andN(H) ~ 10?2 cm~2/kms ™" (Sect. 5.1), densities emission (cf. Sirzer et al. 1996; 2000). While we can repro-
are then at the order of 1@nd 10 cm~ for the low and high duce the observed relative intensities of the various rotational
excitation components, respectively. CO transitions with a density at the ordendfl,) ~ 10° cm—3

For the gas withow CO excitationa density ofn(Hs) ~ (see FigiB and Sect. 6.3.1)40u.q0 and N (Hy) are inconsistent
10* cm~3 is sufficiently high to explain the detection of C5 with Egs. 1 and 2. Furthermore, comput@€0/3CO line in-
= 2-1 emission (e.g. Mauersberger & Henkel 1989; Baan et@nsity ratios show little dependence on cloud structure and re-
1990). A density of(Hz) ~ 10° cm~? in thehigh excitatiorre-  main with characteristic values of 2-4 (see also Gierens et al.
gion would fulfill all theoretical (Brouillet & Schilke 1993) and 1992 for'2C/A3C = 40; Kdster et al. 1994 and &tzer et al. 2000
observational density requirements outlined in Sect. 6.2. Fégr 12C/"3C = 67) much smaller than the observed ratios of 10—
thermore, the volume filling factof, 22 = (n(Hz)),,./n(Hz) 15 (see TablEIL). Varying over the permitted range (16+°4)
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50 T T I — | Table 4. PDR model parameters
L Footnote
40 L High excitation comp.
— I 2cof3co undetermined a
X n(Hz) ~10>7em™3
= i Fazar ~15-200 b
}_.Q BO j fv72211 ~ 005 C
© N(CO)ar ~510"% cm? d
o N(Hz)22 ~10%% cm™2 d
Eo ZO ; N(HZ)cloud N5 1020 Cm72/km 871 e
o [ <7'L(H2)>22,/ ~200 Cm_3
O T'cloud ~0.025 pC f
o r Mmol,22” ~1-7 1(? M ®
101 Low excitation comp.
n(Hz) ~10*cm™?
L fa,221 ~15 b
0 bt—— : : : : Teloud ~0.15pc f
0 .2 4 6 8 12coft3CO: abundance ratio
Rotational Quantum Number J b fa,22: Area filling factor for the central 22 the lower value is

Fig. 8. PDR model peak line temperatures as a function of rotatiorfi§ived from a comparison of modelled and observed line intensities,
quantum numbed (J — J — 1) for clouds with high column den- the higher value results from a comparison of totdl Bam averaged

sity. Dotted lines with open squares(H,) = 2 10* cm ™3, the curve ?nd individual cloud column density.
with high 7}, displaysl2CO, the lower oné3CO: dashed lines with fv,22r 2 Volume filling fact(/)r for the central 22(see Sect. 5.1) .
asterisksn(Hz) = 2 16° cm~?; solid lines with open circlesy(Hz) =~ V(CO)arr, N(Hz),,: 22" beam averaged total column density

210° cm~2. For all models,N(H2) = 2 1% cm™2, implying cloud : N(H2)cloud: Colu_mp density of an indivi_dual cloud
radii of 7.5107, 7.510°, and 7.516° cm, respectively. Assumed ’cloud: Characteristic molecular cloud size
linewidth of an individual cloud and its carbon isotope ratio:¥n2s !

and 67. For the definition of(H2) = n(H2)rpr, Se€ Sect. 6.3.2. ) o ) ) )
1-0... 7-6, respectively. This is compatible with observed ratios

of 15, 10, and 9 for the three lowest rotational transitions. For

does not change these line intensity ratios significantly. Drakelow excitation component(Hz) ~ 10°cm~3; Fig.[@ shows
tically increasing the carbon isotope ratio lead$%6/'3C >  a fit with 12CO/3CO = 17, 10, and 11 fo¥ = 1-0 to 3-2.
100 which is inconsistent with data from the solar system, the It is remarkable thatPDR model densities are simi-
Milky Way, and the Magellanic Clouds (e.g. Wilson & Roodar to those derived with our LVG simulatiprcontradict-
1994; Chin et al. 1999). ing theoretical predictions of minimum densities in excess of

Other parameters that can be varied are the density and d@t cm—2 (Brouillet & Schilke 1993)Column densitie€V (H)
umn density of the far-UV irradiated cloud. TH&CO lines ~ 510*° cm 2/kms™') andline temperatures of individual
are formed in warm layers near the surface whel2@® lines cloudletsare, however, drastically different. An average cloudlet
are predominantly emitted from cooler regions deeper insidgows optically thin, not optically thick CO line emission. Line
With the column density being fixed, a higher density leads temperatures of individual clumps are much smaller than the ob-
a moderate increase in th&CO/3CO line intensity ratio (see served average over the inner 300 pc, so thaPDR area filling
Fig.[8), becaus&CO is then emitted from CO layers closer tdactor f, is not<1 as in the LVG approximation btg1. Thus
the heated cloud surface. To reproduce obsetv@D/'3CO not a higher density (as anticipated in Sect. 6.3.1) but a higher
line ratios in this way requires, however, densitigb® cm=3.  f, leads to plausible.;,.q values in the sub-parsec range (see

More important are variations in column density: A sphekq. 1). Bothf, > 1 andr..,q < 1 pc are consistent with early
ical UV illuminated cloud is effectively smaller ifCO than CO studies, favoring CO lines of low optical depth. These con-
in 2CO and this difference becomes more pronounced whelnsions are supported by observations of fine-structure lines
N(H,) decreases (seed@ter et al. 2000). In the extreme casé the infrared (e.g. Olofsson & Rydbeck 1984; Lugten et al.
of totally photodissociatet#CO, some2CO may still existin  1986; Wolfire et al. 1990; Brouillet & Schilke 1993; Schilke et
the clump so that, in principlé?CO/*3CO line intensity ratios al. 1993; Lord et al. 1996). In view of our PDR simulations, the
up to very large values can be reproduced. Onc&*@© abun- high density -10*5 cm~2) ionized gas found by Seaquist et al.
dance gets very smalfCO also tends to become optically thin(1996) is likely related to (ultra)compact Hll regions and not to
In Fig.[@ we show expected line temperatures in this opticalvaporating dense molecular clouds.
thin regime, withn (H,) =5 10° cm—3 successfully reproducing ~ Obviously, our study does not imply that the core of M 82
measured?CO line intensity ratios for theigh CO excitation does not contain regions of high density and column density.
component2CO/A3C0 =19, 10, 8.5,9.4,13,20,and 30fbr  Thebulk of the CO emissigmowevermust arise from a warm
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0.5 [T mation, while it is too large by the same amount to provide the
CO x 10 properN(Hz)ppr value. Inorder to check whether our scenario

is plausible, we therefore extend our analysis to other galaxies.

©
o~

6.4. Other galaxies
6.4.1. The Milky Way and other ‘quiescent’ galaxies

<
W

Studying the physics of the molecular gas in the galactic center
region, Dahmen et al. (1998) comparé@O and C®0 J =1-0
data obtained with alinear resolution-o22 pc (8). Lineshapes,
spatial distributions, and line ratios indicate the presence of an
extended diffuse gas component that is not apparent in studies
focusing on individual cloud cores (see also Oka et al. 1998a).
A significant fraction of the gas is not virialized. Higher reso-
lution data (e.g. Httemeister et al. 1998) reveal that the dense
. 1 molecular gasi{(Hy) 2 10* cm=3) is relatively cool (i, ~
Eﬂ..ﬂ m\#\ 1 25K) in comparison to that at lower density (00K at a few
T 10° em ). Apparently, a warm diffuse molecular medium is
0 2 .4 S 3 not only ubiquitous in the starburst galaxy M 82 but also dom-
Rotational Quantum Number J inates the CO emission in the more quiescent central region
Fig. 9. PDR model peak line temperatures as a function of rotatiorf3i the Milky Way (for extended CO maps of a galactic disk
quantum numbey (J — J = 1) for low column density C|0UdS, re- star fOI’ming region, see Wilson et al. 1999) This also holds
producing line intensity ratios for the ‘high’ and ‘low’ CO excitationfor the nuclear regions of IC 342 (Schulz et al. in preparation)
components. Dotted lines with open squares (‘low excitatior(}iz) and NGC 7331 (Israel & Baas 1999), another two galaxies with
=10’ cm™?, retona = 4.5107 cm, andN(Hz) = 6 10°° cm™?; dashed Ly ~ 10'° L. Like M 82, NGC 7331 shows a warmer inner
lines with asterisks (‘high excitation’)i(Hz) =510° cm™?, raioua = and cooler outer dust ring and a molecular ring that appears to
7.510°cm, andN(Hz) = 510 cm™?; solid lines with open circles: pe related to its cool dust component.
n(Hz)=210"cm™?, reioua = 1.510° cm, and'(Hz) =4 16 cm . Shocks and cloud-cloud collisions induced by the presence
As§umed |II‘]_€1WIdth of an mdwujual cloud and |ts_ c_a_rbon |sotoee "3¥ bars (e.g. Achtermann & Lacey 1995: Morris & Serabyn
tio: 1.2kms™" and 67, respectively. For the definition a{H,) = . . - . -
n(Hz)ror, See Sect. 6.3.2. 1.996, Fux 1997, 1999; Mtemelster et al. 199'8), tidal disrup-
tion of clouds near the center {Gten 1989), a high gas pressure
(e.g. Helfer & Blitz 1997) that can help to keep the gas molec-

ular, and a high stellar density that can affect molecular cloud

low density interclump mediurithe gas may be barely densgyynamics (e.g. Mauersberger et al. 1996b; Oka et al. 1998b)

enough to avoid tidal disruption (see Appendix B). For typic%[?/ay all contribute to the disintegration of molecular clouds and
cloud cores in the galactic disk, Eq.5 of Larson (1981) pr

s , : f6 the synthesis of an extended warm molecular spray consisting
dicts a column density oV (Hy) ~ 1072 cm~2. With N(H)

e} o h ] of low column density cloud fragments.
~ 510°cm~2/kms~ (Table[4) this infers a linewidth of
20kms~'. The relations defined for approximately virialized )
clouds by Larson (1981) then yield cloud sizes well in excess®f*-2. Nearby starburst galaxies

100 pe, in strong contradiction with our PDR modehe bulk  gq tar, M 82 is the only starburst galaxy where we could show
of _thg CO emission therefore arises from gas that may not gt 5 CO-LVG excitation analysis (inferring, ~ f.; see
virialized. We conclude thaCO is tracing a different gas com-gect, 5.1) does not lead to results that are free of inconsistencies.
ponentthan molecular high density tracéke CS or HCN. The  The |ack of COJ = 7-6 data does not constrain LVG parameters
dominance of CO emission from a d|ffu?e mediuith cloud g ficiently to search for a similar discrepancy in the other two
fragments of low column density pems~ ", X = N(H2)/Ico  nearby starburst galaxies NGC 253 and NGC 4945. This im-
conversion ratio, and CO intensity explains why HCN is a béjies that previous studies did not provide sufficient motivation
ter tracer of star formation and infrared luminosity (Solomog, replace LVG excitation analyses by PDR scenarios.
et al. 1992a). lalso explains why [G]/CO abundance ratios Towards NGC253, M82, and NGC494%CO and
are higher than those observed in spatially confined star formecq3co Jine intensity ratios are similar. This even holds
ing regions of the galactic digeee also Sect. 6.2, Schilke et alfo; apsolute integrated line intensities (within 30%) for a 22—
1993, and White et al. 1994). _ 24" beam size (compare Tablé 1 with Mauersberger et al.
An argument against our scenario could be thgggga b; Harrison et al. 1999). Not surprisingly, published LVG
Egs.1 and 2 only hold approximately: The denominatefansities and area filling factors for NGC 253 and NGC 4945

Tco,observed/ Tco PR 1S t00 small by an order of magnitudenaich those for M 82 (Henkel et al. 1994; Mauersberger et al.
to yield the proper.,.q Value assumed in the PDR approxi-

PDR Model T, (K )
O
*

©
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1996a,b; Harrison etal. 1999). Following the procedure outlinednumber of detected CO transitions are IRAS F1024+4724

in Sect. 5.1, average densities along the line-of-sightt{s)) (= = 2.286), the Cloverleaf quasar € 2.558), and BR 1202—

~ 100 cnt3) yield volume filling factors at the order ¢f 2o 0725 ¢ = 4.692). Toward IRAS F1024+4724, the= 3-2

= (n(Hz))/n(Hz) ~ 0.02. Since volume filling factors seem tdine is stronger than the 4-3 and 6-5 lines; line intensity ratios

be slightly smaller than area filling factors, average cloud sizes.t. 3—2 are~0.75 and 0.6 (Solomon et al. 1992b). Toward the

become~30 pc (for the Milky Way, see Oka et al. 1998b), no€Cloverleaf quasar, CO lines are characterized by a constant or

enough to request the use of PDR models. increasing brightness temperature from 3-2 to 4-3, followed by
Because of the similarity of CO line strengths and line rati@®nstant or (more likely) decreasing line intensities in the higher

and since high [@]/CO ratios are observed toward both M 827 transitions (Barvainis etal. 1997). Toward BR 1202-0725, the

and NGC 253 (Schilke et al. 1993; White et al. 1994; Harrison ét= 7—6 to 5—4 line intensity ratio i0.65 (Omont et al. 1996).

al. 1995; Israel et al. 1995; Stutzki et al. 1997) we neverthelesthough the sample is too small for a reliable statistical anal-

feel that PDR simulations relating the bulk of the CO emissigssis, it seems that CO line intensity ratios are fairly uniform in

to a warm diffuse molecular medium are relevant not only &iarbursts and depend little on redshift (age) and temperature

M 82 but to NGC 253 and NGC 4945 as well. (Temb/[K] = 2.73 (1+2)) of the microwave background. Unfor-
tunately, '2CO/3CO line intensity ratios are not yet known.
iti —3
6.4.3. Mergers If they are>10, densities at the order of a fewldn—3 and

small column densities{10%' cm~2/km s~ ') should be a char-
Active disk galaxies exhibit?CO/*>CO ratios~ 10 (this is in- acteristic feature for the bulk of the CO emitting cloudlets in all
dependent of inclination, Hubble Type, and metallicity; Sagstarburst galaxies.
& Isbell 1991). Perturbed gas-rich mergers with infrared lu-
minositiesz, 10! L, tend to show larger values, up to 40-60 _
(Henkel & Mauersberger 1993). This may be caused by excita-Conclusions

tion effects (see Aalto et al. 1999) or by a deficiency O e have studied millimeter and submillimeter CO line emis-
emission sincé i is better correlated wittfCO (Taniguchi&  sjon up to the/ = 7-6 rotational transition toward the central

Ohyama 1998). Inflow of gas from the outer disks may provigggion of the starburst galaxy M 82 and obtain the following
13CO deficient gas and nucleosynthesis in shortlived massiygin results:

stars may further enhanééC (Casoli et al. 1992). While this

may help to enhanc#CO/*CO line intgnsity ratios, this is (1) The spatial structure of the millimeter and submillimeter CO
not sufficient to explain measurédCO/*CO values within ~ * emissionis distinct. While integrated intensity maps suggest
the context of PDRs. Instead we suggest that the direct in- that the lobe separation of the lowiransitions is~26",
teraction of two galactic nuclei and their associated disks is jt js ~15" for the mid-/ transitions. Major-axis position-

even more efficient than the presence of a bar to trigger cloud- yelocity maps inthe CO = 2—1 and 4-3 lines show however
cloud collisions and to create a warm diffuse molecular debris agreement in the lobe positions. This indicates that, at the
containing a large number of small cloud fragments. If such inner edges of the low- CO lobes, line profiles are wider
fragments are smaller than in individual non-merging galaxies, in the higher excited CO transitions. We thus distinguish
higher'>CO/**CO line ratios might result. While the detailed  petween a ‘low’ and a ‘high’ CO excitation component, the
spatial CO fine-structure may only be revealed by next genera- |atter coinciding with the main source of millimeter and
tion mm-wave telescopes (e.g. Downes 1999), this would imply sypmillimeter dust emission.

that in mergers with*CO/*CO > 10, [CIJ/CO line intensity (2) An LVG excitation analysis of CO submillimeter lines

ratios should be as large as @ven largerthan in M 82 and leads to internal inconsistencies. While measured line
NGC 253. For a first detection of [Tin a merger, see Gerin & intensities are reproduced witffii, ~ 60 — 130K,
Philips (1998). n(Hy) ~ 10*3-39¢cm=3, cloud averaged column densi-
ties N(COioua ~ 10%° and N (Hs)cloua ~ 1074725 cm2,
6.4.4. Galaxies at high redshifts [*2COJ/['3CO] abundance ratiaz50, and a total molecular

mass of a few 1OM,, area filling factors f, ~ 0.05-0.10)
Is it a general property of the integrated spectrum of a starburst gnq volume filling factors f, ~ 0.05) are similar. This re-
that, beginning with the CQ' = 4-3 transition, line intensities  gyts in cloud sizes that do not match their angular scale. On
(accounting for beam dilution) gradually decrease with increas- the other hand, the resulting.ldolumn density is consistent
ing rotational quantum numbéf? Ground based measurements  ith that derived from the dust continuum at millimeter and
of nearby galaxies in mid and high-CO transitions require  gypmijllimeter wavelengths. For the low excitation compo-
exceptional weather conditions. In galaxies of high redshift, nent, densities are 10cm—3.

however, many otherwise inaccessible transitions are shiftggdl An application of PDR models resolves the inconsistencies
into the observable mm- and submm-wavelength bands. While of the LVG calculations. LVG densities, column densities,

linear resolutions remain poor, the bulk of the CO emission znd total mass are confirmed. The bulk of the CO emis-
from higher excited states should arise from the nuclear star- sion arises, however, from a diffuse, low column density
burst environment. Suitable examples of distant sources with (n(H,) ~ 510 cm=2/kms™") interclump medium with
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small X = N(Hs)/Ico conversion factors, area filling fac-Huttemeister, E. Ros, P. Schilke, C.M. Walmsley, A. Weil3, and the use-
tors>>1, and sub-parsec cloud sizes. The relations definiedicomments of an anonymous referee. R.Q.M. acknowledges support
by Larson (1981) are not fulfilled and the gas may not b the exchange program between the Chinese Academy of Sciences
virialized. Such a scenario explains why CS or HCN a@hd the Max-Planck-Gesellschaft; C.H. acknowledges support from
better tracers of global star formation rate and infrared IYATO grant SA.5-2-05 (CRG. 960086) 318/96.
minosity than CO. Our scenario also explains observed high
[C1J/CO line intensity ratios, while relative abundances o)&
12CO versug3CO cannot be accurately determined. Higher
column density clouds, even accounting for variations in fagystematic motions and microturbulence are frequently used as
UV flux and 12C/*3C isotope ratios, do not reproduce obsimplifying assumptions to facilitate treatment of line formation
served'2CO/3CO line intensity ratios>10. Densities are in molecular clouds. For the large amplitude systematic motions
close to the minimum values required for tidal stability imssumed in the Large Velocity Gradient (LVG) approximation,
the absence of magnetic fields. the source functions are locally defined. For the homogeneous
(4) In regard to'2CO line intensity ratios, the central regionvelocity field assumed in the microturbulent approximation, the
of M 82 appears to be representative for the entire famiépurce functions are generally coupled throughout the cloud
of starburst galaxies, both at small and at high redshifts.y scattered radiation. The crucial difference between the two
comparison of the starburst regions in M 82 and NGC 2% proximations is that between local and non-local excitation
demonstrates that this similarity extend$t€0/3CO and and both can be viewed as limiting cases for the treatment of
[C1]/CO line intensity ratios. The larg€?CO/2CO line molecular line formation. In the case of CO, line intensities de-
intensity ratios $10) observed toward ‘nearby’ mergersermined with a standard LVG model (e.g. Castor 1970; Scov-
prove, however, that differences exist at least w.r.t. rare G2 & Solomon 1974) do not differ by more than a factor of
isotopomers. Galaxy pairs with such hifCO/3CO line three from models using the microturbulent approach (White
ratios require the presence of a particularly diffuse highty977; see also Ossenkopf 1997). This is within the uncertain-
fragmented low column density ISM. ties that can be attributed to cloud geometry. Furthermore, Wild
et al. (1992) found no significant difference between results
Apparently, dropping the assumption of constant tempekgom their ‘clumpy cloud’ and standard LVG models. Given the
ture in the CO excitation model is a necessary step to provigomogeneity of the ISM, the assumption of uniform physical
a self-consistent approach to the physical properties of mol@enditions is crude and only yields average gas properties. In
ular clouds in the nuclear starburst region of M 82. While thgew of the limited quality of the available data and the lack
use of PDR models is crucial for a better Understanding of tBﬁinformation on source morpho|ogy and its fine-scale struc-
molecular gas phase in a starburst environment, important jire, however, an LVG treatment of the radiative transfer is an
formation is still miSSing. Interferometic observations of higappropriate first Step to ana|yse M 82.
density tracers (e.g. CN, CS, HCN, HNG; "), coupled with Applying our LVG model to simulate a cloud of spherical
PDR model calculations including chemical aspects, are nee¢pémetry, CO collisional cross sections were taken from Green
to fully understand the spatial morphology, density distributiog, Chapman (1978). Fof}i, > 100K, we assumed collision
and molecular excitation of this archetypical starburst complgxtegr.  71/2. Using instead the collision rates recommended
An interesting aspect is provided by HCQ = 1-0 line emis- p pe jongetal. (1975; these include higher temperatures) leads
sion (TableP). The bulk of this emission might arise from reg gimijar results. A comparison of=2-1//=1-0 line intensity
gions intermediate between those of the low and high CO €Xtins with those of Castets et al. (1990), that were computed
citation component. Since this molecule (as well a$iN) is  \ith yet another set of collision rates, also shows consistency
a sensitive tracer of ionization conditions in the dense gasyAnin 20%.
detailed knowledge of its spatial distribution would be crucial Fig[A1 displays our calculated CO 7-6/4-3 and CO
for a better understanding of structure and excitation. 4-3/3CO 3-2 line intensity ratios as a function of den-
So far, models were calculated for the cosmic ray flux %ﬁty (1C~7 cm™3), kinetic temperature (5-150 K}2CO/*CO
the solar neighbourhood. A flux enhancement by two to thrgg\ndance ratio (25-75), and CO fractional abundance in terms
orders of magnitude (with all necessary chemical implicationsy X(CO)/gradv (10-%-3 pckms~'; X(CO) is the frac-
has still to be incorporated into PDR codes (but see Schilke@l,a1 abundance parameter, giadienotes the velocity gradi-
al. 1993). Another important quantity is the spatial distributiogt inim s~1/pc). The choice ok (CO)/gradV’ is motivated by
of the UV flux. Fo_r M 82, we do not know t_he variation of they 55 rce size of 300 pc and a velocity range 6f300km s~
UV flux as a function of galactocentric radius. (this leads to gratl’ ~ 1km s~ pc-1), a solar system [C]/[H]
abundance ratio of 3.510 (Grevesse et al. 1994), and the

Acknowledgementdt is a pleasure to thank the HHT staff, in particu- : - . .
lar H. Butner, B. Hayward, D. Muders, F. Patt, and B. Stupak, for theSSUmption that a significant fraction of the available carbon

enthusiastic support of the project and for their flexibility in changing<10%) is forming CO molecules. Since molecular clouds with

schedules according to variable weather conditions. For the pernﬁ@niﬁ_canlt CO 7-6 emission must be warm, strong CO frac-
sion to use the HEB, we also thank the Harvard-Smithonian Centigination in favor of enhancetfC abundances (cf. Watson et

for Astrophysics (CfA). We acknowledge useful discussions with &l. 1976) can be excluded. Hig. A.1 thus presents calculations

ppendix A: the radiative transfer model



448 R.Q. Mao et al.: Dense gas in nearby galaxies. XIlI

‘ “\ \ T ‘ \ T T ‘ T

perature
-

(@)
(@)
iz et

Kinetic Tem

100

4 6

(o)
O O
N T T T 1 ‘ T, 17 T ‘ T T T—=T T ‘\ T ‘ T, 17 T ‘ T T \%%\‘ \‘[ T ‘ T, 17 T ‘ T T T

log n(H2)

Fig. A.1. Large Velocity Gradient (LVG) model results féf (CO)/gradV = 10°°, 1075, 10~%, and 1073 pckm s~ (X(CO) is the fractional

CO abundance parameter) @ai€O/**CO abundance ratios of 25, 50, and 75. The logarithdi @20)/gradl” and the>?CO/*CO abundance

ratio are given for each box in the upper right hand corner. Solid lines: CO 7—-6/4-3 line intensity ratios (contour levels from lower left to upper
right: 0.01, 0.03, 0.1, 0.3, 0.5, 0.7, 0.8, and 0.9). Dotted lie80 4-3/3CO 3-2 line intensity ratios (contour levels from lower right to upper

left: 1., 5., 10., 15., and 25.; {d?CO/3CO = 25, line intensity ratios ar&15, for 2CO/3CO = 50, line intensity ratios are25).

for 12CO/3CO = 25 (the carbon isotope ratio in the galactigalactocentric radius ak 2 75 pc from the dynamical center
center region; e.g. Wilson & Rood 1994JCO/A3CO =50 (the of M 82 (Neininger et al. 1998) and applying Eq. 5 ofisken
12C/13C ratio in the inner galactic disk; e.g. Henkel et al. 19853nd Downes (1980), we find a limiting cloud densityngf;,, ~
and'2CO/*3CO = 75 (close to the carbon isotope ratio of th&0*2—3-5[R/120 pc} 2 cm~3. R = 120 pc refers to the molec-
local ISM and the solar system; e.g. Stahl et al. 1989; Stahl8ar lobes of M 82, located at offsets7’’5 from the dynamical
Wilson 1992). center of the galaxy (see Talle 2). The minimum density,

is near the lower limit of the densities deduced in Sect. 5.1 with

an LVG model and just matches densities derived in Sect. 6.3.2
Appendix B: cloud stability with a PDR model.

In order for a cloud to be gravitationally bound, it must be suffi-
ciently dense to withstand the tidal stresses caused by the gri\f)ibendix C: radiative pumping
tational potential of the galaxy. Neglecting rotation, turbulence, '
and magnetic fields, and compensating tidal forces by a clouB'scause the kinetic temperature is constrained by thd €G-
own gravity, we can derive a minimum density that is requiredlJ=4-3 line temperature ratios (Talllé 1), collisional excita-

for survival in a hostile medium. With,.; ~ 140kms™ ' ata tion to excited vibrational or electronic levels,3000 K above
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the ground state, is not effective. Densities and temperatubesvnes D., 1999, Rev. Mod. Astron. 12, 69
obtained with Fig_A.lL might however be affected by radiatiigarquhar P.R.A, Millar T.J., Herbst E., 1994, MNRAS 269, 641
excitation, that is neglected in our LVG treatment (apart of tHaix R., 1997, A&A 327, 983
2.7 K microwave background). Fux R., 1999, A&A 345, 787

To operate efficiently, radiative pumping must be faster th&f"n M., Philips T.G., 1998, ApJ 509, L17
the collisional rates for rotational excitation in the 0 vibra- S'€rens K.-M., Stutzki J., Winnewisser G., 1992, A&A 259, 271
tional ground state. Withov) ~ 210" cm?s~! (Green & Green S., Chapman S., 1978, ApJS 37, 169

Grevesse N., Sauval A.J., Blomme R., 1994, Rabin D.M., Jefferies J.T.
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