
Dense and Warm Molecular Gas in Arp 220 

Jun-Hui Zhao* and Tao An''' 

* Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, MS 78, Cambridge, MA 02138 
"^ Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, P. R. China 

Abstract. We present the results from the observations of Arp 220 in multiple CO spectral line transitions of J=6-5, J=3-
2, J=2-l and the isotope ^^CO at J=2-l at 690, 340 and 230 GHz using the Submillimeter Array (SMA) with the angular 
resolutions of sub-arcsec to a few arcsec. Based on the measured line ratios, we modeled the excitation conditions of the 
molecular clouds in the nuclear region of Arp 220, suggesting that the CO J=6-5 emission arises from dense (n(H2)'^ 10 
cm^^) and warm (T]j -̂  60 K) cloud components. Each of the four CO J=6-5 clumps contains at least a few times 10̂  MQ 
molecular gas. The dense and warm molecular clouds are likely the consequence of inelastic collisions between the molecular 
clouds in the counterrotating nuclear disks. Properties determined from these high-density regions suggest that they are in the 
early stage of star formation. The study of Arp 220 could provide us detailed information on the astrophysical processes in 
the galaxies at high red-shifts. 
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INTRODUCTION clouds. 

Arp 220 is the prototypical ultra-luminous infrared 
galaxy (ULIRG) [22, 23]. This galaxy is believed to be 
in the final stage of galactic merging [2, 12, 14, 9]. The 
radio and infrared (IR) continuum emission is concen
trated in two compact components (Arp 220E and Arp 
220W) with a separation of - 1" [14, 3, 9, 5, 17]. The 
CO line observations suggested that a large fraction of 
molecular gas (MHJ '^ 10'̂ M©) is concentrated in the in
ner '^500 pc of the nuclear region [19, 20]. The molec
ular gas concentration and the enormous FIR luminosity 
in the nuclear region of Arp 220 were suggested to be 
the consequence of starbursts driven by the merging pro
cess. Because of its proximity (D = 77 Mpc), Arp 220 
provides an excellent case for us to study the starburst 
process under extreme astrophysical circumstances. Arp 
220 is a templete for studying the formation of the first 
generation stars in high redshift galaxies. 

Carbon monoxide (CO) is one of the major coolants in 
molecular clouds. Analysis of multiple-line CO emission 
suggests that higher-J CO lines (CO(J=5^) and above) 
account for the major cooling in starburst nuclei[4]. For 
example, the CO SEDs in nearby starburst galaxies M 82 
and NGC 253 peak at (J=7-6) and (J=6-5) transitions, 
respectively[l 1]. Observations of high density tracers in 
ULIRGs indicate that a large fraction of gas is probably 
in dense phase in the starburst nuclei. Therefore observa
tions of higher-J CO transitions are critical to determine 
the physical conditions of molecular gas in the starburst 
nuclei. Given the upper level energy of 116 K above the 
ground and the critical density of 10"̂  cm^^, CO (J=6-5) 
is an excellent probe to the warm and dense molecular 

OBSERVATIONS 

The observations of Arp 220 were carried out simulta
neously in the two receiver bands of 230 and 690 GHz 
using the SMA in its compact array configuration with 
angular resolutions of 3" and 1". The observations cov
ered the CO (J=6-5), (J=2-l) and '^CO (J=2-l) at the 
rest frequencies of 691.473, 230.538 and 220.399 GHz 
respectively. In addition, CO (J=3-2) was also observed 
with the SMA in the compact and very extended array 
configurations, which gives the angular resolution of 1". 
Arp 220 was the first target for the SMA to observe the 
high transition CO at submillimter wavelengths. 

The data reduction was carried out with the Miriad 
packaged Ceres (at 203/690 GHz) and Uranus (at 340 
GHz) were used to determine the flux density scale. For 
the 230 and 340 GHz data, the standard calibration pro
cedure was used to correct for the atmosphere attenu
ation, bandpass shape and complex gains. For the 690 
GHz data, two methods were used in the initial cali
bration for phase: (1) phase transfer and (2) the stan
dard phase reference techniques. Then the residual errors 
were corrected with the self-calibration technique using 
the clean component model derived from the data ini
tially calibrated with either phase transfer or the standard 
phasae reference techniques. The final maps of Arp 220 
derived from the two methods were compared. In both 
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methods, the positions of the two continuum peaks at 690 
GHz are coincident with the radio positions[l, 16] in an 
uncertainty of 0.1". 

RESULTS 

radio component ' C in the 8.3 GHz radio map [3] and a 
compact NIR component'S' [21] are found in the vicin
ity of the CO (J=6-5) line peak. However, it is difficult 
to accurately determine the position of IR sources due to 
the complex of source structure and the poor coordinate 
registration in the IR observations. 

The brightest CO component 

Figure 1 shows the spectra of the brightest CO region 
in Arp 220. Each of the spectra shows more than one 
components in velocity. We fitted multiple Gaussians to 
the spectra and listed the properties of the brightest CO 
component (Table 1). At CO (J=6-5) transition, the spec
trum peaks at 5341 ±40 km s" ' with FWHM of 183±5 
km s^' and the position of this component appears to 
be offset significantly from the west component of the 
double nuclear continuum source (Aaj2ooo = 0.21 ±0.07, 
A/3j2ooo = - 0 . 3 5 ±0.07). 

The peak in the CO (J=6-5) spectrum is at '-.'5400 
km s^ \ and a secondary peak is at '-^5600 km s^'. 
The primary peak in the CO (J=6-5) spectrum is more 
prominent as compared to those in the spectra of lower-
J CO transitions. The gas component at '-.'5400 km s^' 
appears to be highly excited in CO (J=6-5), suggesting 
presence of a warm and high density component in Arp 
220. 

CO (J=6-5) 

Figure 2 shows the integrated intensity map of the 
CO (J=6-5) (color) overlaid on the continuum map (con
tours). The CO (J=6-5) emission appears to arise from a 
few clumps. There is no significant extended diffuse (an
gular size > 1") line emission in CO (J=6-5). The mor
phology and distribution are consistent with the fact that 
the CO (J=6-5) traces the warm, high density molecular 
gas located in the nuclear region. The warm, high density 
gas appears to concentrate in the inner 2" region, show
ing four major clumps with typical angular size of 1". 

Figure 2 also shows the structure of the double com
ponent in continuum at 690 GHz (0.43 mm) agrees well 
with the sub-arcsec resolution observations at radio, mm 
and NIR wavelengths [14, 9, 3, 5, 17]. Most of the dust 
continuum emission is concentrated in the two compact 
components. The western component (Arp 220W) ap
pears to be much stronger The peaks of the dust emission 
are consistent with the radio positions [1, 16]. CO(J=6-
5) line emission appears to be significantly offset from 
the continuum positions, suggesting that the excitation 
condition of CO (J=6-5) emission gas differs from that 
of the lower-J CO gas. The position of the brightest com
ponent appears to be '-'0.4" SE to Arp 220W. A weak 

CO (J=3-2) 

Figure 3 (left) shows the integrated intensity map of 
CO (J=3-2) line emission or the moment 0 map. The 
CO (J=3-2) emission was integrated with a cutoff of 
5(7 (1(7=0.035 Jy) over the line range 5000-6000 km 
s"^ The integrated flux is 2980±600 Jy km s"^ The 
uncertainty is dominated by the error in the calibration of 
flux density scale. The measurement of the CO (J=3-2) 
integrated flux is in excellent agreement with the recent 
JCMT observations [10]. We note that the CO (J=3-2) 
peak is offset by 0.3" SE to the Arp 220W. Compared to 
the CO (J=6-5) (Figure 2), the CO (J=3-2) line emission 
is more extended, which is consistent with the nature that 
CO (J=3-2) traces relatively lower-density gas. Most of 
the CO (J=3-2) line emission is concentrated in the inner 
4" X 4" region, showing a bar-like distribution in NE-SW 
There is a tail-like structure ('-' 5") extended in the south 
to Arp 220W. This extended structure was also observed 
in the CO (J=l-0) and (J=2-l) transitions in the same 
direction [20, 5]. The outer part of the tail is located 
along the dust lane[21]. 

Figure 3 (right) shows the color-coded map of the CO 
(J=3-2) intensity weighted mean velocity, or a moment 1 
map corresponding to the moment 0 map (Figure 3). The 
general velocity gradient is along the NE-SW direction. 
With respect to the system velocity of 5450 km s^' of 
Arp 220, the blue-shifted emission is located in SW and 
red-shifted in NE, which agrees with that observed in the 
observations of the lower-J CO emission[20, 5]. 

Line intensity ratios 

Ratios of integrated intensity between different line 
transitions and isotope ratio are important in determina
tion of the excitation condition and physical properties 
of the molecular clouds. From the existing SMA data, 
we can determine the line-intensity ratios of CO(J=6-
5)/CO(J=3-2) and i2cO(J=2-l)/i3cO(J=2-l). 

Ratio CO(J=6-5)/CO(J=3-2) 

Figure 4 shows the channel maps of CO (J=6-5) 
(pseudo-color) overlaid on the CO (J=3-2) emission 
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FIGURE 1. CO spectra of Arp 220. The CO (J=6-5) and (J=3-2) emission were binned in 40 km s^^, and CO (J=2-l) and ^^CO 
(J=2-l) were binned in 20 km s^ . 

(contours). The CO (J=3-2) data were mapped using vis
ibilities on uv > 30kA, the same cutoff in the uv range of 
the CO (J=6-5) data. The extended emission with angu
lar size greater than 3" was excluded. The CO (J=3-2) 
images were made with the same velocity range with CO 
(J=6-5). The CO (J=6-5) emission shows a clumpy dis
tribution but concentrated '-^0.4" SE to Arp 220W peak
ing in 5354-5394 km s^^ The size of this CO (J=6-5) 
concentration is l"-2". The CO (J=3-2) also shows a 
concentration near the CO (J=6-5) maximum. The maxi
mum intensity ratio CO(J=6-5)/CO(J=3-2) is '-2.5±0.6. 
A red-shifted line emission peaks at 5630 km s^' chan
nel, located 0.3" north to Arp 220E, close to the northeast 
component in the NIR image [21]. There is a good cor
relation between CO (J=6-5) and CO(J=3-2) in the two 
major CO (J=6-5) concentrations. However, the compar
ison between the CO (J=6-5) and (J=3-2) channel maps 
shows different distribution in details. The CO (J=3-
2) emission extends to a larger region while CO(J=6-
5) concentrated near the double-nuclei Arp 220W and 

Arp 220E. The difference in the distribution between CO 
(J=6-5) and CO (J=3-2) reflects that they are sensitive 
to different gas excitation conditions in different molec
ular cloud components. The optically thin CO (J=6-5) 
line is better to trace the high-density, warm molecular 
cloud while the CO (J=3-2) line is more sensitive to the 
diffuse/extended emission. 

Figure 5 shows the integrated-intensity ratio (pseudo
color map) of CO (J=6-5) to CO (J=3-2). The ratio map 
is overlaid on CO (J=3-2) contour map. The three ma
jor CO (J=6-5) components Arp 220S, Arp 220W and 
Arp 220 NE stand out clearly in the ratio map, with the 
integrated line intensity ratio of R[CO(J=6-5)/CO(J=3-
2)] = 2.1 ±0.5, 1.8±0.4 and 1.6±0.4, respectively. The 
radio continuum source Arp 220E has a lower value of 
R[CO(J=6-5)/CO(J=3-2)] = 1.5±0.4, simflar with the 
averaged ratio over the source. The regions with high ra
tio of CO(J=6-5)/CO(J=3-2) appears to have their near-
IR counterparts[21]. The peak of the eastern H53a emis
sion source appears to be located between CO (J=6-5) 
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TABLE 1. Measurements of CO lines 

Parameters 

Transitions CO(J=6-5) 
Properties of the bright spectral component: 
F W H M B e a m ( e l ^ . x e 4 ' J . . . 1" x 1" 
PeakTb(K) 9.0±2.3 
P e a k V i s r ( k m s - l ) 5341±40 

AVFWHM (km s-^) 183±5 

Aaj2ooo* 0.21±0.07 
A5j2ooo^ -0.35±0.07 
Rp". 2.1±0.5 
Properties of the overall source: 
Angular Size (e4'„^.xe4',.„, PA) 2.4" x 2.0",-20° 5. 
COFlux(103 J y k m s - 1 ) 1.75±0.44 

Aaj2000^ 0.21±0.13 
A5j2ooo^ -0.22±0.14 
Rml 1.5±0.4 

Measurements 

CO(J=3-2) 

1" X 1" 
16.7±3.3 
5314±40 

227±2 
0.08±0.06 

-0.52±0.05 

0" X 3.8",45° 

2.98±0.60 
0.26±0.11 

-0.14±0.10 

CO(J=2-l) 

3" X 3" 
5.4±0.5 
5306±20 

256±2 
- O . l l i O . l l 
-0 .49±0.11 

13C0(J=2-1) 

3" X 3" 
0.26±0.03 
5368±20 
150±11 

0.09±0.15 
-0.35±0.14 

20.5±4.1 

11.0"x7.5" ,50° 5 .5"x4 .2" , -30° 

1.39±0.14 0.092±0.014 
O. l l iO. lO 0.33±0.14 

-0.12±0.10 -0.09±0.14 
15.0±3.0 

* Positions of the brightest spectral component, offset from Arp 220W (̂ 2000 = 15''34'"57*.22i 
^ Positions of the brightest spectral component, offset from Arp 220W §2000 = 23°30'11".5 
** Rp is the peak value of the line-intensity ratio CO(J=6-5)/CO(J=3-2) orCO(J=2-l)?3cO(J=2-l). 
* Positions of the peak integrated line flux in the moment 0 maps, offset from Arp 220W C}2000 = 15''34'"57*.22 
^ Positions of the peak integrated line flux in the moment 0 maps, offset from Arp 220W §2000 = 23°30'11".5 
H Rm is the mean value of the line-intensity ratio CO(J=6-5)/CO(J=3-2) or CO(3=2-l)P CO(J=2-l) 

23 30 09 

15'^34'"57^40 57?25 57^30 

RA (J3000) 

FIGURE 2. Integrated CO (J=6-5) line emission (color 
scale) and continuum emission (contours) from Arp 220. The 
synthesized beam of the CO (J=6-5) image is 1.17" x 1.09", 
PA=8.2°, shown in the bottom right comer. The integrated line 
intensity is scaled in the range 0-620 Jy beam^^ km s^^. The 
two crosses mark the locations of the radio continuum double 
nuclei [1, 16]. The size of the crosses is 0.2", which represents 
2 times the astrometry uncertainty at 690 GHz. The map of the 
continuum emission (contour plot) was made from the line-free 
channels of the same data set as that of the CO (J=6-5) line, 
which was restored with a 'super-resolution' of 0.7" x 0.7". 
Both line and continuum data were calibrated in the same cali
bration manner. The lowest contour is 0.1 Jy beam^^ (4<T), and 
the contours are increased by \ / 2 . 

sources Arp 220E and Arp 220NE while the peak of the 
west H53 a source is located between Arp 220 W and Arp 
220s. The offsets (> 0.3") in position (more than3cr) be
tween the CO ( J = 6 - 5 ) emission and the radio continuum 
sources as well as the H53a sources appear to be signif
icant. 

The observed variation in the line ratio CO(J=6-
5 ) / C 0 ( J = 3 - 2 ) suggests the excitation condition changes 
in these nuclear clouds. Similar variations in CO line ra
tio has also been observed in the nearby starbursts galaxy 
M82[15]andNGC253. 

Ratio ^^CO(J=2-l)PCO(J=2-l) 

The isotope ratio of ' 2 C O ( J = 2 - 1 ) / ' ^ C O ( J = 2 - 1 ) was 
derived from the same procedure. The mean value of the 
CO isotope ratio 12CO(J=2-1) /13CO(J=2-1) is 15±3 in 
Arp 220. The observed maximum of the CO isotope ratio 
appears to be located at Arp 220E. The difference in the 
CO isotope ratio is more likely due to the optical depth 
effect rather than a difference in true CO isotope abun
dance, suggesting that the optical depth of '^CO(J=2-l) 
towards Arp 220E is less than that of Arp 220 W. 

EXCITATION CONDITIONS 

The detection of CO (J=6-5) line emission from a num
ber of super molecular clouds in Arp 220 suggests the 
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FIGURE 3. Left: The map of integrated CO (J=3-2) line emission from Arp 220. The image was restored with a 0.82" x 0.65" 
beam (P.A.=-60.9°), shown in the bottom right comer The grey scale ranges from 0 to 520 Jy beam^ km s^ . The two crosses 
mark the locations of the radio continuum double nuclei [1, 16]. The size of the crosses is 0.2", correponding to 2 times the 
astrometry uncertainty at 340 GHz. The contours are 10x(l,2.5,5,10,15,20,25,30,35,40,45,50,55) Jy km s"^ Right: The map of 
intensity-weighted velocity constructed from CO (J=3-2) line cube. The contours are spaced by 40 km s^^. 

existence of a large bulk of warm and dense gas in the 
nuclear region. In order to constrain the excitation con
dition of the molecular gas, we solved for the radiation 
transfer in a multi-level system with the large velocity 
gradient (LVG) approximation. The escape probability 
/3 = (1 —e^'')lx for spherical, gravitational collapsing 
clouds[8] was used to account for photon trapping. The 
LVG model calculates intensities of rotational CO lines 
given a molecular volume density n(H2), a kinetic tem
perature Tk, and a velocity gradient dv/dz. With the line 
ratio of '2cO(J=2-l)/'^CO(J=2-l), the column density 
per unit velocity interval (A'co/Av) can be constrained. 

The LVG code handles an homogeneous cloud with a 
uniform density. In the reality, the emission towards the 
nuclear region is mixed with multiple phases of gas as 
has been indicated from previous observations[24, 20, 5, 
10]. The CO (J=3-2) traces the molecular clouds with 
intermediate density while CO (J=6-5) is sensitive to 
the high density gas. The mean integrated intensity ratio 
CO(J=6-5)/CO(J=3-2) of 1.5 determined from the inte
grated line emission of the overall gas in the nuclear re
gion of Arp 220 reflects the intermediate density compo
nent. The true ratio of the high-density component might 
exceed the maximum ratio of 2.5. Therefore, we treated 
separately the LVG calculations of CO (J=6-5), (J=3-
2), (J=2-l) and '^CO (J=2-l) lines in Arp 220 with two 
density gas components: an intermediate density compo
nent with 10^ cm^^ > n(H2) > 10^ cm^^ with relatively 
large volume filling factor (/y '~ 0.1), and a high density 

component with 10^ > n(H2) > 10^ cm ^ with a small 
filling factor C/v-0.01). 

We carried out the LVG calculations using the radia
tive transfer codes developed in Miriad. The LVG model 
is implemented with the collision rates para-H2 with 
CO[6], increased by 21% to account for coUisions with 
helium[13,18]. In addition, the volume filhng factor (/y) 
assumed for the gas components with different densities 
in a cluster of giant molecular clouds is incorporated into 
the optical depth calculation : 

_ ^ 2 l C X c o n ( H 2 ) / v £2 

%nv^ dv/dz g\ 
-X2) (1) 

where To is the optical depth at the line center, ̂ 21 is the 
Einstein coefficient for spontaneous emission, n(H2) is 
H2 density, Xco is CO abundance, dv/dz is the velocity 
gradient, and x; and gi are the fractional population and 
statistical weight of level /, respectively. The CO abun
dance ratio Xco is assumed to be 1 x 10^^, a value deter
mined from the galactic molecular clouds[7]. The LVG 
model directly yields column density per unit velocity 
interval (or the opacity parameter) at the line center 

A/CO/AVFWHM = 
4/n(2) 

Xcon(H2)/v(dv/dz)-\ (2) 

The actual column density of CO can be determined by 
multiplying ACO/AVFWHM with the observed FWHM of 
the line width. 
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FIGURE 4. Channel maps for the ^̂  CO J=6-5 (color scale) and ^^CO J=3-2 (contours) line emission shown with velocity 
resolution of 40 km s^ . In each panel, the number indicates the center velocity in km s^ . The restoring beam 1" x 1" is shown in 
the bottom right of each panel. The ̂ ^CO J=3-2 line emission was derived from the same uv spacing with the J=6-5 line emission 
and has been smoothed with a 40 km s^ velocity resolution. The grey scale ranges from 0.5 to 2.5 Jy beam^ ; the lowest contour 
is 0.14 Jy beam^^ (4<T), increasing with \/2. 

From the moment 0 map (Figure 2), the CO (J=6-
5) emitting gas is concentrated in a number of clumps 
in the nuclear region. In this paper, we show the cal
culations for the high-density gas component (10^ > 
n(H2) > 10^ cm^^) assuming the volume filhng factors 
of fr = 0.01 for CO (J=6-5) and 0.1 for the lower-
J CO transitions. The model searches in density range 
ii(H2) = 10^ — 10^ cm^^, and kinetic temperature range 
lOK < Tk < 400K. Figure 6 shows the results of LVG 
calculations for the high density gas component assum
ing the velocity gradient of dv/dz = 5.0 km s^' pc^'. 
The dashed curves are the observed curves for the inten
sity ratios of CO(J=6-5)/CO(J=3-2) and the '^CO/'^CO 
at J=2-l. Since the observed values include the contri
bution of the extended lower density components, the 
true ratios to the high density components should be 
higher than the observed values. Assuming that in both 
CO(J=6-5) and CO(J=2-l), the net contributions to the 
observed line emission intensities from the high den
sity component were the same as those from the in

termediate density component, the correction factors to 
the line ratios of CO(J=6-5)/CO(J=3-2) and i2cO(J=2-
l)/'^CO(J=2-l) would be 1.67 and 1.58. Then the cor
rected ratios would be R[CO(J=6-5)/CO(J=3-2)]=3.5 
and R[i2co(J=2-l)/i3cO(J=2-l)] =32.4, respectively, 
which are denoted as the thick lines in Figure 6. Then, 
in Figure 6, the hatched region within the boundaries 
constrained by the observations corresponds to the solu
tions for the excitation condition, i.e. T^ = 58 ± 20 K and 
n(H2)= 1.5 ± 1.0 X 10^ cm^l The CO column density at 

16 -h-1 the hne center is 9.7±6.5 x 10 cm (km s ) 
responding to the H2 column density of 1.9±1.3 x 10 

cor-
23 

cm^^ assuming AVFWHM = 183 km S^ . Our CO obser
vations implied that most of the dense gas is concentrated 
in a few clumps with typical radius of 185 pc. The typical 
H2 mass of a high density component is '-̂  3.0x 10^ M©, 
which is about 10% of the dynamic mass assessed in the 
nuclear region ([5]). Given the fact that the optical depth 
of '̂ 00(1=6-5) = 3.9, the mass derived from the column 
density gives a lower limit on the total mass of the gas. If 
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FIGURE 5. The intensity ratio map of ^^CO J=6-5/J=3-2 
lines (grey scale) overlapped with the CO J=3-2 velocity-
integrated intensity (contours). The two line emission was re
stored with the same 1" x 1" beam. The crosses show the po
sitions of two radio nuclei. The red stars show the peaks of 
H53a line emission [16]. Contour levels are 20x 1,2,4,6,8,10,... 
Jy beam^ km s^ . The grey scale covers the range 0-1.5 in 
line ratio. 

the high density H2 gas distributes in a spherical volume 
with a radius of 185 pc, a density of n(H2)=1.5 x 10^ 
cm^^ and a filling factor of /v = 0.01, the H2 mass of 
1.9 X10' MQ is inferred. 

The previous high-angular resolution observations of 
lower-J CO[17, 5] suggested the presense of two coun-
terrotating nuclear disks associated with the continuum 
cores of Arp220W and Arp220E. The molecular clouds 
might have been subject to inelastic colUisions. A large 
fractional kinetic energy of the rotating disks might have 
transferred to the internal energy, heating the molecular 
clouds. The high density, warm components observed in 
CO(J=6-5) appeared to be a good evidence for the ex
citation of the higher-J CO line transitions by inelastic 
colhsions of molecular clouds. 

Arp 220s and Arp 220NE are associated with the 
brightest CO (J=6-5) emission. The concentration of a 
large bulk of dense and warm gas due to the consequence 
of inelastic collision might have enhanced the local star 
formation activity. However there has been no significant 
radio emission from these regions suggesting that they 
are probably the primeval regions for potential starbursts. 

log[n(H2)] 

FIGURE 6. Results from the LVG model calculations: the 
curves of calculated ratio of the line intensity ^^CO(J=2-
1)/13C0(J=2-1) with the values of 32.4, 20.5, 10 and 5 are 
plotted. The curves of CO(J=6-5)/CO(J=3-2) with values of 
3.5, 2.1, 1.5, 0.5 and 0.1 are plotted. The dashed curves cor
respond to the observed values and the thick solid curves to 
the corrected values. The hatched region is the solutions for the 
excitation condition. 

STARBURSTS AT HIGH REDSHITS 

At high redshifts, galaxy-galaxy collisions and mergers 
become common, triggering violent starbursts. The de
tailed observations of Arp220 have shown that the higher 
rotational J transitions can be excited via inelasitc colli
sion in the interface regions of the interactions between 
nuclear disks. Submillimeter observations of the higher J 
CO lines appear to be excellent probes to the star forma
tion activities at high z. 
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