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Abstract

We performed a '2CO (J = 1-0) line survey involving fifty four interacting galaxies from the Arp’s
Catalogue of Peculiar Galazies, and compared our results with various other data. The far infrared lumi-
nosities, as normalized by the CO luminosities, are much greater for interacting galaxies than for normal
galaxies. From correlations with the interaction class we found that the molecular gas concentration in the
central few kpc is not necessarily enhanced by interaction. However, the efficiency of star formation from
the molecular gas increases significantly with the interaction class, which results in an apparent increase in

the star-formation rate with the interaction class.
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— Interaction: tidal

1. Introduction

Starburst activity in the central regions of galaxies
has been suggested to be induced by tidal interactions
between galaxies. In fact, far-infrared (FIR) luminous
galaxies, as observed by the IRAS, many of which are
categorized as starburst galaxies, have been identified
with interacting/merging galaxies (Sanders et al. 1986;
Young et al. 1986, 1989a, b; Solomon and Sage 1988).
It is remarkable that many starburst galaxies have been
included in the Atlas of Peculiar Galazies (Arp 1966),
which is a collection of peculiar-morphology galaxies, and
that the majority comprises interacting galaxies.

The following scenario concerning the origin of a star-
burst has been suggested (e.g., review by Sofue 1987):
tidal interaction between galaxies results in an oval grav-
itational potential, which produces a bar in the inner-
most region of the galaxy (Noguchi 1988). Due to this
bar a galactic shock wave is excited in the interstellar
gas, resulting in a rapid accretion of interstellar gas to-
ward the central region (Sgrensen et al. 1976; Huntley
1978; Noguchi 1988). The accreted gas in the central
region leads to the formation of massive stars. Intense
UV radiation from the massive stars heats the dust in
the dense molecular gas core/ring; this dust emits strong
FIR emission at around 50-100 pm (Rieke 1980; Telesco

*  Nobeyama Radio Ovservatory (NRO) is a branch of the Na-
tional Astronomical Observatory, an inter-university research
institute operated by the Ministry of Education, Science and
Culture.

1988).

Although this scenario is atractive and seems to have
been widely accepted, it was formulated based on the
fact that the observed starburst galaxies, or FIR lumi-
nous galaxies, are often identified with interacting galax-
ies. Namely, the scenario is sample-dependent, in which
only active star-forming galaxies are taken into account.
On the other hand, no systematic study concerning the
behavior of molecular gas, namely, the dynamics, dis-
tribution, and physical condition of the gas in general
interacting galaxies, has yet been carried out.

Several questions thus arise: (a) Is a starburst or en-
hanced star formation a general phenomenon as a conse-
quence of a galaxy-galaxy interaction? If so, when and
in which phase of interaction does a starburst occur?

(b) Alternatively, is star formation enhanced in some
particular circumstance of interaction? If so, what is this
particular circumstance? More specifically, how do the
star-formation rate (SFR) and efficiency (SEF) depend
on the interaction class?

(c) How do the dynamics and distribution of the
gaseous constituents differ from galaxy to galaxy, and
how do they depend on the interaction phase and galaxy’s
orbit? In particular, how is the concentration of molecu-
lar gas toward the center related to the interaction phase
and strength.

To answer these questions observationally, we need
data concerning the gaseous component in unbiased sam-
ples of interacting galaxies. In particular, high-resolution
mm-wave observations would provide information con-
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cerning the concentration of molecular gas toward the
nuclei through galaxy interactions. For this purpose we
undertook a survey of the CO gas in interacting galaxies
using the Nobeyama 45-m telescope. We selected sample
galaxies from the Atlas of Peculiar Galazies (Arp 1966),
most of which are interacting systems. The present data
provide information that is supplementary to observa-
tions of the global properties of interacting galaxies per-
formed with medium-diameter telescopes (Sanders et al.
1986; Young et al. 1986, 1989a, b; Solomon and Sage
1988).

2. Observations

Observations of the 2CO (J = 1-0) line emission
towards Arp’s interacting galaxies were made on 1990
January 17-20 and 24-28 and 1991 May 17-28. We
used the 45-m telescope of the Nobeyama Radio Obser-
vatory. The 45-m antenna had a HPBW of 15”. The
pointing accuracy was checked every one to two hours us-
ing SiO maser sources, and was found to be better than
+3" through the observations. The main-beam efficiency
measured by observing the planets was nup = 36%.

We used a cooled Schottky-barrier diode mixer receiver
combined with a 2048-channel acousto-optical spectrom-
eter of 250-MHz bandwidth, which covered 650 km s™!
at 115.27 GHz with a velocity resolution of 0.6 km s™!
and channel separation of 0.32 km s~. We binded every
32 or 64 channels, which yielded a final velocity resolution
of 10 or 20 km s~!, in order to increase the signal-to-noise
ratio. The system noise temperature at the observing el-
evations was typically about 700 to 1000 K. The used
intensity scale was the antenna temperature ( T ) cor-
rected for atmospheric loss.

We used a position-switching mode with the on-
position being at the center of a galaxy and the two off-
positions being at offsets of 5’ from the galaxy center in
the right-ascension direction. Since the total observing
time per data point (usually per galaxy) was 1-2 hr, the
on-source integration time was about 20-40 min. The
rms noise of the resultant spectra of 10 km s~! veloc-
ity resolution was about ATx ~ 10 mK. The reference
center position of each galaxy was determined using the
coordinates measuring system at the Kiso Observatory of
the University of Tokyo, which gave the optical positions
of nuclei with an accuracy of about +3" rms.

Selection of the objects to be observed was made based
on the criteria given below:

(a) As many galaxies as possible of various interac-
tion types from the Arp’s catalogue could be included
in order to obtain an outline concerning any dependency
of the CO emission intensity on the interaction types.
Some merging galaxies were included. Hence, various sys-
tems with Dahari’s (1985) interaction class (IAC) rang-
ing from 1 (weak interaction) through 6 (maximum) were
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included.

(b) The recession velocities are known either from opti-
cal or H I observations. Galaxies further than ~ 100 Mpc
(Ho =75 km s~! Mpc~?) were excluded, for which the
sensitivity of the present observations is not sufficient.

(c) The optical center positions could be well deter-
mined either from the literature or from our measure-
ments.

(d) Well-studied objects, such as Arp 337 (M82) and
Arp 220 could be excluded.

3. Results and Discussion

We display the observed results in tables 1 and 2, and
in figures 1 through 14. We discuss implications of the
results on the basis of the diagrams.

3.1. Results

Table 1 summarizes the observed parameters; the leg-
ends to individual columns are given below. The ob-
tained '2CO (J = 1-0) line spectra are shown in figure
1. Among the fifty four observed galaxies, we did not use
spectra of four galaxies (A86A, A104B, A176B, A178A),
which were too noisy; these are indicated by dashes in the
columns of the antenna temperature of table 1. Hence,
figure 1 includes fifty spectra.

Column 1: Arp catalogue number (Arp 1966). The
eastern component of each pair is denoted by A, and the
western one by B.

Column 2: NGC number.

Column 3, 4: Reference center position in RA and Dec
(1950). The galaxy positions were measured from the
Palomar Schmidt plates using the position-measureing
system at the Kiso Observatory by T. Soyano (private
communication). Those not measured in this system
were taken from the catalogue by Huchtmeier and Richter
(1989).

Column 5: LSR velocity from Huchtmeier and Richter
(1989).

Column 6: Peak antenna temperature ( T ) of the
12C0 (J = 1-0) line.

Column 7: Full CO line width near the zero level.

Column 8: Integrated CO intensity (Ico) toward the
center. The uppervalue of Icowas calculated from Tj
by assuming a triangular velocity profile with an assumed
width of 200 km s, Ico= T} (peak)x200/2 K km s~

In table 2 we list the morphological types and derived
quantities, such as the luminosities and their ratios. We
also list the Dahari’s (1985) interaction class (IAC). The
legends to columns are as follows:

Column 1: Arp catalogue number.

Column 2: Morphological type. Since the galaxies are
strongly disturbed, this classification is not accurate.
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Fig. 1. CO line profiles for the observed galaxies.
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Fig. 1. (Continued)

Column 3: Distance, which is given by Vgo/Hp for a
Hubble constant of Hy = 75 km s~} Mpc~!, where Vac
is the galacto-centric velocity of the galaxy. For pairs of
galaxies, the mean velocity of the two galaxies is used.

Column 4: Beam diameter as projected on the galaxy
in kpc. In most cases, since the beam diameter at
the galaxy distance is several kpc, the luminosity gives
roughly the integrated value. However, for a few galaxies
(A135A, A214, A217, A336), the beam covers only the
inner 1 kpc. We observed only the upper limits to the an-
tenna temperature for the former three, which were not
used in our statistics or correlation analyses. Although
data for A336 were used, they were taken so as to give a
lower limit for the small covered area on the galaxy.

Column 5: CO luminosity within the central 15" area
as covered by the 45-m telescope beam, where the beam
area was calculated by assuming a Gaussian function.
The molecular hydrogen mass could be roughly estimated
by My,(Me) ~ 6.4 x Lco (K km s™! pc?) for a nominal

conversion relation (Young and Scoville 1982).

Column 6: FIR luminosity as estimated from fluxes
taken from the IRAS catalogue of galaxies (Lonsdale et
al. 1985), which we interpret as giving the star-formation
rate (SFR). The FIR luminosity is an integrated value for
the entire galaxy, as observed with the IRAS resolution
(a few arcmin). Furthermore, in most cases, the pairs of
interacting galaxies are observed simultaneously, and the
luminosity gives an integrated value for the two galaxies.
Therefore, when we compared such IRAS data with other
data, for example the CO luminosity, we took the total
CO luminosity of the two galaxies.

Column 7: Ha luminosities, taken from Dahari (1985)
who used the same Hubble constant used here. Those
with asterisks were estimated from the fluxes given by
Keel et al. (1985). Note that the Ha observations were
made through diaphrams of about 6” (Dahari 1985) and
5" (Keel et al. 1985), so that the luminosity is for the
more central regions.
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Table 1. Observed Arp galaxies.|
O (2) (3) (4) (5) (6) (7 (8)
Arp No. NGC No. RA1950 Decigso Visr Peak T oy Ico
(h m s) ©c’" (kms™') (mK) (kms™') (Kkms™!)

A86A ... N7752 23 44 27.1 29 10 52.0 5038 e et ...
A86B ................ N7753 23 44 33.2 2912 22.0 5160 50 280 7.3
AB9A ...l N2648 08 39 53.3 14 27 58.0 1950 40 260 4.9
A9OA ...l N5929 1524 18.3 41 50 43.0 2561 ~100 ~170 ~8.5
AOB ... N5930 15 24 20.5 41 51 05.0 2498 ~50 250 ~9.4
A91A ...l N5953 15 32 13.2 15 21 40.0 1950 30 240 7.2
A91IB ...l N5954 15 32 15.7 15 22 10.0 1950 50 190 4.3
A94A ...l N3226 10 20 43.5 20 09 07.0 1370 ~50 180 ~8
A94B .......... ... N3227 10 20 47.6 20 07 00.0 1150 35 300 7.5
A99 ...l N7549 23 12 47.7 18 46 10.0 4689 <20 <1
Al104A ... N5216 13 30 24.6 62 57 27 2949 45 230 9.0
Al104B ............ ... N5218 13 30 27.8 63 01 27 2792

Al12B ...l N7806 23 58 56.4 31 09 51.0 4801 40 240 6.0
A135A ...l N1023 02 37 14.9 38 50 52.7 680 <10 <1
A140A ............... N274 00 48 30.0 —07 19 42.0 1750 45 290 7.3
A140B ............... N275 00 48 32.7 —07 20 00.0 1743 60 270 6.9
Al155 ...l N3656 11 20 50.5 54 07 08 2828 <10 <1
Al160 ....... ...l N4194 12 11 41.7 54 48 21 2550 50 270 6.9
AIT6A ........... ..., N7933A 1301 19.2 —111348.0 3238 <30 <3

“A176B ...l N7933B

A1T8A ... N5613 14 22 00 35 07 3100
A178B ............. N5614 14 22 01.7 35 05 00.0 3891 65 270 8.7
A202 ...l N2719 08 57 07.4 35 55 28.0 3160 50 220 7.7
A205A ... UGC6016 <20 e <1
A205B .............L N3448 10 51 38.6 54 34 20.0 1340 40 160 3.6
A209 ...l N6052a,B 16 03 01.2 20 40 43 4710 100 250 12.5
A212 ...l N7625 23 18 00.6 16 57 15.0 1620 55 300 12.0
A214 ...l N3718 11 29 50.7 53 20 33 994 <30 <3
A215 .. N2782 09 10 54 40 19 18 2551 <40 <0.4
A217 ..ol N3310 10 35 40.3 53 45 45.0 1000 75 240 9.0
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Table 1. (Continued)
(1)* (2) 3) (4) (5) (6) (7) (8)
Arp No NGC No. RAigso Decios0 Visr Peak Tx ov Ico
(h ms) G| (kms™') (mK) (kms™') (Kkms™')

A227TA ... N470 011731.7 0309170 2343 63 250 8.7
A227TB ... N474 0117105 030853.0 2375 30 200 3.6
A239A ...l N5278A 13 35 47.2 5555 19.0 7546 <20 <2
A239B ...l N5278B 1339 51.8 55 5529.0 7598 55 240 8.4
A240A ... ...l N5257 133719.7 010540.0 6831 <20 <2
A240B ............... N5258 1337247 010510 6643 ~T70 ~150 ~10
A243 ...l N2623 08 3525.3 2555350 5534 ~40 ~220 ~5
A245A ...l N2992 094318 —1405 42 2200 <15 e <15
A245B ...l N2993 09 43 24.2 —1408 13 2419 72 300 10.5
A270A ... N3395 1047 02.3 3314450 1620 40 220 3.8
A270B ...l N3396 1047 09.0 331516.0 1620 30 250 3.7
A283A ...l N2798 0914095 4212370 1740 60 380 11.1
A283B ...l N2799 0914 181 421215.0 1740 <10 . <1
A284A ...l N7714 233341.2 015242.0 2800 20 180 2.7
A284B ................ N7715 2333485 015248.0 2770 <20 <2
A285A ...l N2854 09 20 39.8 492509.5 2741 25 300 5.7
A285B ...l N2856 09 20 53.0 49 27 54.0 2680 70 260 8.8
A28TA ...l 08 59 41.9 26 07 58 2450 40 230 5.7
A289 ...l N3981 11 53 34.0 —19370.0 1723 60 400 11.0
A298A ...l N7469 23 00 44 08 36 18 4889 60 350 11.1
A298B ...l 230046.6 08 3729.2 4875 55 270 7.6
A314A ...l 22 5527.2 —040215.5 3792 <10 <1
A314B ........... ... 22 55324 —-0403 23.6 3581 20 230 2.8
A336 ...l N2685 08 51 41.2 58 55 30.0 880 25 350 7.0

t See the text for legends to individual columns.

* Data for the following galaxies were taken from the literature as shown below: A94A,B, A245A (Taniguchi et al. 1990b);
A160, A284 (Taniguchi et al. 1990a); A209 (Sofue et al. 1990); A212 (Yasuda et al. 1992); A336 (Taniguchi et al. 1990c).

Column 8: H I mass, estimated by My 1(Mg) = 2.3 X
105D%(Mpc)Iur (Jy km s™! ), where the H I intensities
were taken from Huchtmeier and Richter (1989).

Column 9: Interaction class (IAC), which was
evaluated by inspecting objects in the Arp’s catalogue
(Arp 1966) in accordance with the definition introduced
by Dahari (1985). Galaxies with 0/6 are single peculiars,
possiblly superimposed by merged components.

Column 10: Star-formation efficiency (SFE), as de-
fined by the ratio of Lgir to Lco in the same units as in

columns 6 and 5. This indicates the star-formation effi-
ciency from the molecular hydrogen gas.

Column 11: SFE as defined by Lua /Lco in the same
units as in columns 7 and 5. This indicates a more nuclear
star-formation efficiency.

Column 12: SFE as defined by Lrir/ My ; in the same
units as in columns 6 and 8. This indicates the efficiency
of star formation compared to the total H I mass.
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Table 2. CO, FIR, and Ha luminosities, H 1 masses, their ratios and IAC for Arp galaxies.t
(1) (2) (3) 4 (5 (6) (7) (8) 9 (10 (11) (12)
Arp No. Type Dist. Beam Lco Irr Lua M IAC SFE SFE SFE
(Mpe) (kpc) (10" K (10°Le) (10°Le) (10°Msy) FIR/CO Ha/CO FIR/HI
km s™! pc?)
A86A Im 71 5.2 ... 500 9.2 2 e e e
A86B Sc 22 " 7 15.1 2 23 3.5 47
AB9A Sa 25 1.8 1.84 7.4 0.38 1 4 19
A90A 36 26 ~6.6 300 5 4 22 0.8 250
A90B Sa ~T7.3 " 7 1.2 4 " 1 "
A91A SO 27 2.0 3.2 190 6 1.2 5 37 1.9 160
A91B Sc 1.9 " 4 5 " 2 "
A94A E2 16 1.2 1.2 60 0.4 5 . e e
A94B Sa 1.2 " 31 1.2 5 25 25 50
A99B SBcd 64 46 <3 165 3.2 1 50
A104A Ep 40 2.9 8.6 92 1.6 2 11 0.2 80
A104B  SBb " 1.0 1.2 2 "
Al112B Sb,c 66 4.8 16 0.8* 1.3 3 0.11
A135A  SBO 10.5 0.76 <0.1 0.8 2
A140A  SOp 24 1.8 2.5 70 2.6 5 14 19
A140B  SBcd 2.4 " 3.6 5
Al155  S0a(S) 42 31 <10 90 1.0 0/6 90
A160 IBm 35 2.6 4.9 670 68 1.2 6 137 14 600
A176A  SOp 42 31 <3 2
A176B 2
A178A ... 53 3.9 101 2
A178B Sab 14.6 " 4 1.5 2 6.9 0.27 67
A202A Im 42 3.1 8.1 60 6.5 3 7.4 9
A205A  SBd 19 14 <03 50 4.4 2 . s
A205B 10,S0,a 0.8 " 4.5 2 6.2 11
A209 Im 64 4.7 30.7 665 28 8.6 6 22 0.91 80
A212 SaOp(S) 24 1.8 4.1 130 6.2 24 0/6 32 1.5 60
A214 SBa(S) 14 1.0 <03 2 4.3 0/6 0.5
A215  Sa(S) 34 25 <3 250 3.8 0/6 70
A217  Sbe(S) 14 1.0 11 150 6.7 2.8 0/6 136 6.1 55
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Table 2. (Continued)

(1) 2 (4) (5) (6) (7) (8) 9)  (10) (11) (12)
Arp No. Type Dist. Beam Lco Irr LHa M IAC SFE SFE SFE
- (Mpc) (kpc) (10" K (10%Le) (10°Le) (10°Me) FIR/CO Ha/CO FIR/HI
km s™! pc?)
A227TA Sb 32 2.3 5.3 170 5" 4.5 2 23 0.9 60
A227TB SO 2.2 " 0.15* <0.8 2 " 0.07 "
A239A  Sb? 103 75 <20 370 9 4.1 5 e .. 90
A239B  Sb 53 " 5 7.0
A240A  Sb? 89 6.5 <10 2020 5 12 4 e e 180
A240B  Sb ~47 " 6 9.8 4 43 0.13 205
A243 Pec 73 5.3 16 2600 4.7 1.7 6 163 0.29 1500
A245A  Sa 30 25 <1 180 5.6 3 . ... 35
A245B  Sab 5.7 220 3 39 .. 40
A270A  Scd® 21 2.2 1.0 80 0.7 2.1 4 40 0.7 35
A270B  SBm 1.5 1.0 " 2.1 2.2 4 " 2.1 "
A283A SBa 23 1.7 2.5 280 1.2 0.39 5 80 0.34 220
A283B SBm <0.3 " 0.08 1.2 5 " .. "
A284A SBb 39 2.8 2.5 400 57 7.4 4 160 23 50
A284B IBm <2 " 0.3 3.9 4
A285A  SBc? 36 2.6 4.7 190 3.1 2 16.5 .. 60
A285B Sb 6.8 " 2 " et "
A287A 32 2.3 3.5 40 3 11
A289 Sbc 21 1.5 2.9 90 1.1 5.7 2 31 0.38 16
A298A SBa 67 4.9 300 3070 2.8 2 61 e 1100
A298B 20.4 " 2 " e "
A314A 50 36 <3 1
A314B 4.2 1
A336 S0(S) 12 087 0.6 1 1.1 0/6

t See the text for legends to individual columns.

3.2.  Correlations among Luminosities

In order to visualize the derived parameters, we plotted
various quantities (figures 2 to 5). We did not use the
upper-limit value data, since they are dependent on the
observation conditions.

FIR vs CO: Figure 2 shows plots of Lpg versus Lco
for the detected Arp galaxies. Asnoted above, if a pair of
galaxies was observed within the IRAS beam, we added

the two CO luminosities to produce a single point in the
diagram. Therefore, most of the points in the diagram
are for the integrated values of pairs. The figure indi-
cates that almost all of the observed Arp galaxies lie far
above the line fitted for normal galaxies, and that the
plot resembles that for IR luminous and starburst galax-
ies (Sanders et al. 1986; Young et al. 1986). This fact
shows either that the efficiency of massive-star forma-
tion from molecular gas in the observed galaxies is higher
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Fig. 2. Plot of Lgig versus Lo for the detected Arp
galaxies. Note that Lco is for the central 15" area
as covered by the 45-m telescope beam, while Lpig
is an integrated value for the whole galaxy as ob-
served with the IRAS (Lonsdale et al. 1985). Dark
circles indicate data from the present observations,
and crosses (x for starburst galaxies; + for normal
galaxies) are taken from the literature (Sanders et
al. 1986; Young et al. 1986).

than that for normal galaxies, or that much of the FIR
emission comes from outside the telescope beam of 15”.
The former indicates that the galaxy-galaxy interaction
enhances star formation; the latter suggests that active
star formation is in progress even in galactic disks a few
kpc away from the nuclei.

Ha vs CO: Figure 3 plots Ha luminosity versus CO
luminosity. It is hard to find any correlation. Since Ha
data are taken with 5” to 6" diaphragms, we plot here
individual galaxies. The fact that the FIR to CO cor-
relation in figure 2 is much better than the Ha to CO
correlation may indicate that the star formation is en-

hanced in a wider (a few to several kpc) region than the '

central few hundred pc region.

FIR vs Ho: Figure 4 shows plots of the FIR luminosity
versus the Ho luminosity. Again, no significant correla-
tion can be recognized. The weak correlation between Ha
and FIR emission may be due to the significant difference
between the beam areas of observations. FIR data come
from IRAS observations, where the beam is a few arcmin
(Lonsdale et al. 1985); the Ha observations were made
by a diaphram of 5" to 6” (cenetral few hundred pc) or
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Fig. 3. Ha luminosity Lyg versus CO luminosity Loo.
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Fig. 5. H 1 mass My ; versus CO luminosity Lco-
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Fig. 6. FIR luminosity plotted against the interaction class IAC.

more, indicating nuclear activity (Dahari 1985; Keel et
al. 1985).

H 1 vs CO: Figure 5 shows plots of the H I mass against
the CO luminosity, which is approximately proportional
to the molecular hydrogen mass. Almost no correlation
has been found between H 1 and CO. The H I mass is
approximately concentrated in the range between 10° and
101° Mg, while the molecular hydrogen mass is widely
distributed. Note that the H I mass is for the entire
galaxy, due to the larger beam of observations, while the
H2 mass is for the central few kpc.

8.3. Correlations of Luminosities with Interactio
Class :

In order to clarify the relation between star forma-
tion and galaxy interaction, we investigated correlations
of the observed values with the interaction class (IAC),
as introduced by Dahari (1985), where TAC=1: double
galaxies without significant deformation; IAC=3: inter-
acting galaxies with deformation; IAC=5: strong interac-
tion; IAC=6: almost superposed configuration, possibly
merging.

FIR vs IAC: Figure 6 shows plots of Lpir against IAC
(interaction class). Each point indicates an average of
several galaxies having the same IAC value. The bar in-
dicates the dispersion among the vlaues for the averaged
galaxies. We found that the star-formation rate is gen-
erally enhanced by the interaction, particularly for very
strongly interacting galaxies with IAC=6. Note that, as
is shown in section 3.4 below, this enhancment of SFR is

1 2 3 4 5 6
IAC

Fig. 7. Ha luminosity versus IAC.

not due to a larger amount of molecular gas, but to an
enhancment of star-formation efficiency.

Ha vs IAC: Figure 7 shows plots of Ly, against IAC.
The data are more scattered than in figure 6, and show a
similar trend to that in figure 6. The point indicated by
parentheses includes only one data point; no dispersion
is given.

CO vs TAC: Figure 8 shows plots of Lo versus IAC.
There appears to be no correlation in this diagram, which
indicates that the molecular gas concentration toward
the central few kpc is not efficiently enhanced in these
interacting galaxies.

H 1 vs IAC: Figure 9 shows plots of My ; versus IAC.
No correlation can be found, and this is not surprising,
due to the widely spread nature of the H I gas content in
the galaxies.

3.4. Correlations of Star-Formation Efficiencies with
Interaction Class

In so far as the correlation diagrams shown in figures
6 to 9 are concerned, no clear correlation can be found
with the interaction class, except for the signature of an
enhancement of the star-formation rate, as in figure 6.
Nevertheless, we have observed a significant tendency for
the FIR luminosities to exceed those for normal galax-
ies, as in figure 2. In this context we next examined the
correlation of IAC with star formation efficiencies, as de-
rived from the ratio of Lrir/Lco, Lue /Lco, or Lrir/
My ;. Figures 10 to 12 show the results.
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SFE(FIR/CO) vs IAC: Figure 10 shows plots of the
star-formation efficienty, as defined by SFE (FIR/CO) =
Lrir/Lco, agaist IAC. Here, we can see a better corre-
lation than that for star-formation rate as inferred from
Lpir: the efficiency of star formation from molecular hy-
drogen gas is enhanced by the galaxy-galaxy interaction.
We may also say that the correlation observed in figure
6 for Lyg is due to an enhanced efficiency per molecular
gas, and not due to any increase in the net fuel (molecular
gas) available for star formation.

SFE(Hoa/CO) vs IAC: Figure 11 shows plots of SFE
(Ha/CO)= Ly, /Lco against the interaction class. A
similar, but weaker, correaltion to figure 10 is observed.
We also note that the scatter in this diagram is much
larger than in figure 10. Such a large scatter may also
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Fig. 10. SFE (FIR/CO)=Lrir/Lco, plotted against
IAC.
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Fig. 11. SFE (Ha/CO)= Lu, /Lco, plotted against
IAC.

occur for a large obscuration of the Ha emission toward
the central region due to the circum-nuclear molecular
gas.

SFE(FIR/H 1) vs IAC: Figure 12 shows plots of SFE
(FIR/H1)=Lpr/ My , versus IAC. A similar correlation
to that in figure 10 is found, with a particular increase
at JAC~ 6.
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From these plots we can reach the following important
conclusion. The molecular gas concentration in the cen-
tral few kpc is not significantly affected by the interaction
(figure 8). However, the efficiency of star formation from
molecular gas is strongly influenced by the tidal interac-
tion (figure 10). Namely, although the gas concentration
toward the central few kpc is not necessarily enhanced by
the interaction, the efficiency of star formation increases
via the tidal interaction. We may also state that star
formation close to the galactic nuclei, as indicated from
the SFE (Ha/CO), is also enhanced by the interaction
(figure 11).

3.5.  Correlations with Velocity Dispersion

Since the galaxies studied here are mostly interacting
galaxies, their intermal kinematical condition would be
affected by the interaction. The velocity dispersion for
the CO gas as determined from the velocity profiles given
in figure 1, would reflect some kind of kinematical struc-
ture, such as a tidal disturbance.

Velocity dispersion vs IAC: Figure 13 shows plot of
the CO velocity dispersion (o,) against the IAC. There
seems to be no clear correlation, although data for high
IAC galaxies are more scattered than those for weakly
interacting galaxies. This would be because the velocity
dispersion is more correlated to the inner galactic rota-
tion of the order of a few hundred km s~!. The innermost
region is not directly disturbed by a tidal interaction, at
least by an amount comparable to the rotation velocity.
Nevertheless, the internal kinematics would be affected

IAC

Fig. 13. Velocity dispersion of CO profiles, o, plotted
against IAC.

by the tidal interaction by such an accretion process, such
as bar-induced shocks, while velocities caused by these
motions would be of the order of a few tens of km s~!
(e.g., Noguchi 1988), small compared to the dispersion
produced by inner-disk rotation.

On the other hand, gas in the outermost regions would
be more directly disturbed by the tidal interaction. In
this context, it would be interesting to plot the H 1 ve-
locity dispersions against IAC, though this is beyond the
scope of this paper.

SFE vs velocity dispersion: Finally, we plot the star-
formation efficiency [SFE (FIR/CO)] against the velocity
dispersion given in figure 14. Again, we find no signifi-
cant correlation, which is a reasonable consequence of the
absence of a correlation between the velocity dispersion
and IAC, as shown in figure 13.

On the other hand, we know that the SFE increases
with IAC (figure 10): this correlation should be related
to some change in the kinematical conditions in molecu-
lar clouds, such as accumulation and compression in the
disk. Although the internal kinematics should be affected
by a tidal interaction through such an accretion process
as bar-induced shocks, the velocities caused by these mo-
tions would be of the order of a few tens of km s™! (e.g.,
Noguchi 1988), small compared to the dispersion pro-
duced by the total disk rotation.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



.45...43S

1993PASJ. .

No. 1]
T 1 T T T T
10° -
. ’. °
102} R
°c e 0o o L o b
SFE(FIR/CO) . '. * .
ety O ©
oo o®
10 |- e
°
1 b R
1 1 ! L. 1 1
100 200 300 400
Oy (km/s)

Fig. 14. SFE (FIR/CO)=Lgir/Lco, plotted against
CO velocity disperion.

4. Conclusion

We performed CO (J = 1—0) line obserations of fifty-
four Arp’s interacting galaxies of various types and inter-
action classes. Plots of Lgir versus Lco, as in figure 2,
indicate that the far-infrared luminosities, as normalized
by the CO luminosities, are much higher for interacting
galaxies than for normal galaxies, and resemble those ob-
served for starburst galaxies.

Quantities such as Loo and My ; seem to show almost
no significant correlation with the interaction class IAC,
as can be seen from the plots against IAC in figures 8 and
9. We may therefore conclude that the amount of molec-
ular gas in the central few kpc is not significantly affected
by the interaction (figure 8). However, the plots of the
star-formation rate (SFR) and efficiencies (SFE) against
IAC clearly indicate that they are significantly enhanced
by some interaction (figures 6 and 10). We stress that
the increase in SFE is the cause for the increase in the
star-formation rate (SFR), as found in figure 6 despite
the absence of any correlation between the gaseous con-
tent and IAC (figures 8 and 9). Namely, the galazy-galazry
interaction does not necessarily gather up gas, but it en-
hances the efficiency of star formation from a unit mass
of molecular gas, which results in an apparent increase
in the total rate of star formation.
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