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Abstract. We present ALMA cycle 0 observations of the luminous merger VV 114. One of the
main goals is to investigate mechanisms of molecular line ratio enhancement. Regions with the
high 12CO (1–0)/13CO (1–0) and 12CO (3–2)/12CO (1–0) is located at a central filamentary
structure (∼ 6 kpc) in VV 114. The filament consists of the eastern nucleus and the overlap
region, where the galaxy disks are colliding. We also investigate these molecular line ratios on the
Kennicutt-Schmidt law. VV 114 fills a gap between the “starburst” sequence and the “normal
disk” sequence, and regions with the high ratios show the high ΣSFR and ΣH2 . We suggest that
the high ratios in VV 114 are due to star-forming activities in the both progenitor’s nuclei and
the merger-induced overlap region.
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1. Introduction
Molecular line ratios are important diagnostic tools of physical and chemical properties

of extragalactic objects (Aalto 2007; Imanishi & Nakanishi 2014). 12CO (3–2)/12CO (1–0)
line ratio (R3−2/1−0) can trace conditions of molecular gas excitation (temperature and
density) directly (Papadopoulos et al. 2012), while 12CO (1–0)/13CO (1–0) line ratio
(R12/13) is observationally known as a tracer of starburst activities (Casoli et al. 1992).
Although many observations were carried out to understand the enhancement of these
ratios in luminous galaxies (e.g., Casoli et al. 1992; Aalto et al. 1995; Glenn & Hunter
2001; Papadopoulos et al. 2012), the limited angular resolution and sample size (e.g.,
Aalto et al. 1997; Sliwa et al. 2012) prevent us from obtaining a detailed understanding
of the physics behind the line ratio enhancement. We observed these molecular line
ratios with high resolution cycle 0 ALMA (0”.5 – 2”.0) to investigate gas conditions in
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VV 114 and the connection between gas and star-forming activities on the sky and the
Kennicutt-Schmidt law (Kennicutt 1998).

VV 114 is a nearby (DL = 82 Mpc) gas-rich (MH2 = 5.1 × 1010 M�, Yun et al. 1994)
interacting LIRG (LIR = 4.7 × 1010 L�, Armus et al. 2009). An obscured AGN in the
eastern galaxy is revealed by mid-IR spectroscopy, X-ray, and submm molecular line
observations (Alonso-Herrero et al. 2002; Grimes et al. 2006; Iono et al. 2013), suggest-
ing that both starburst and AGN activities might have been triggered by the ongoing
merger.

2. Observations and Results
Observations toward VV 114 were carried out as the ALMA cycle 0 program (ID =

2011.0.00467.S; PI = D. Iono) using fourteen – twenty 12 m antennas. The synthesized
beam size of band 3 (νobs � 110 GHz) and band 7 (νobs � 345 GHz) are 1” – 2”
and 0”.5, respectively. Although we made images of 10 molecular lines and continuum
emission (Iono et al. 2013; Saito et al. 2013), we present the 12CO (1–0) and 13CO (1–0)
images here.

Integrated intensity maps of the 12CO (1–0) and the 13CO (1–0) are shown in Fig. 1a
and 1b, respectively. The 12CO (1–0) emission traces northern and southern arm-like
features (∼ 12 × 10 kpc) and the strongest peak does not coincide with the both nuclei,
but is located at the overlap region. The two arms coincide with dust lanes (Fig. 1e).
On the other hand, the 13CO (1–0) emission shows a filamentary structure (∼ 6 kpc)
at the CO centroid of VV 114. The 13CO filament coincides with the Paschen alpha
emission (Fig. 1f, Tateuchi et al. 2012). This means that the 13CO line is a better tracer
of star-forming activities than the 12CO (1–0) line.

2.1. Line Ratios on the sky
Spatial distributions of the R3−2/1−0 and R12/13 in VV 114 are shown in Fig. 1c and 1d,
respectively. The northern and southern arms show the low R3−2/1−0 and R12/13 (0.2 –
0.5 and < 10), while the both nuclei and the overlap region show the high ratios (0.5 –
0.8 and 20 – 50), respectively. The eastern nucleus shows the highest R3−2/1−0 (∼ 0.8),
while the lower R3−2/1−0 is measured near the western nucleus (∼ 0.4). The difference
may be due to a presence of strong heating sources. The R3−2/1−0 of VV 114 is consistent
with that of the early-stage merger, the Antennae (Ueda et al. 2012). Iono et al. (2013)
found an obscured AGN and nuclear starbursts in the eastern galaxy using dense gas
tracers (HCN and HCO+), while the western galaxy only shows extended star formation
(Grimes et al. 2006; Tateuchi et al. 2012).

2.2. Line Ratios on the Kennicutt-Schmidt law
The Kennicutt-Schmidt law with the line ratios is shown in Fig. 2a and 2b. Generally, we
can see that star-forming regions in VV 114 fill a gap between two sequences (“starburst”
and “normal disk”, Daddi et al. 2010). VV 114 may be in a transition phase from spirals
to a luminous merger. Highly excited regions in VV 114 (R3−2/1−0 > 0.6) already show
gas concentrations and intense star-forming activities, while diffuse gas along with the
arms is inactive. Similarly, the high R12/13 regions also show active star formation.

3. Conclusions
We investigate molecular line ratios (R3−2/1−0 and R12/13) in the luminous merging

galaxy VV 114 with cycle 0 ALMA. Both ratios are elevated (0.5 – 0.8 and 20 – 50,
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c) 12CO(3-2)/12CO(1-0)

f) Paschen alpha

d) 12CO(1-0)/13CO(1-0)

e) HST/ACS

a) 12CO(1-0) b) 13CO(1-0)

Figure 1. (a) 12CO (1–0) integrated intensity image of VV 114. The red crosses show the posi-
tions of the nuclei defined by the peak positions of the Ks-band observation (Tateuchi et al. 2012).
The black ellipse is the synthesized beam. (b) 13CO (1–0) integrated intensity image of VV 114.
(c) The R3−2/1−0 image. The contour is the Paschen alpha image. The ratio in color scale ranges
from 0 to 1. (d) The R12/13 image. The ratio in color scale ranges from 0 to 40. (e) HST/ACS im-
age of VV 114 (Credit: NASA, ESA, the Hubble Heritage (STScI/AURA)-ESA/Hubble Collab-
oration, and A. Evans (University of Virginia, Charlottesville/NRAO/Stony Brook University).
(f) Paschen alpha image of VV 114 obtained with miniTAO/ANIR (Tateuchi et al. 2012).

respectively) in the overlap region as well as the progenitor’s nuclei. Moreover, intense
star-forming regions (with high gas surface density) show the elevated ratios. We suggest
from the distribution of the ratios on the sky and the Kennicutt-Schmidt law that the
elevated R3−2/1−0 and R12/13 are due to star-forming activities. Details will be provided
in an upcoming paper (Saito et al. 2014 in prep.).
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Figure 2. (a) The Keniccutt-Schmidt law with the R3−2/1−0 . The ratio in grey scale ranges
from 0 to 0.8. The dashed and dotted lines are the “starburst” sequence and “normal disk”
sequence, respectively (Daddi et al. 2010). (b) The Kennicutt-Schmidt law with the R12/13 . The
ratio in grey scale ranges from 0 to 40.

Acknowledgements
This paper makes use of the following ALMA data: ADS/JAO.ALMA#2011.0.00467.S.
ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada) and NCS and ASIAA (Taiwan), in coopera-
tion with the Republic of Chile. The Joint ALMA Observatory is operated by ESO,
AUI/NRAO, and NAOJ. We used a script developed by Y. Tamura for this calcula-
tion (http://www.ioa.s.u-tokyo.ac.jp/~ytamura/Wiki/?Science%2FUsingRADEX). TS,
J. Ueda, and K. Tateuchi are financially supported by a Research Fellowship from the
Japan Society for the Promotion of Science for Young Scientists. D. Iono was supported
by the ALMA Japan Research Grant of NAOJ Chile Observaory, NAOJ-ALMA-0011
and JSPS KAKENHI Grant Number 2580016.

References
Aalto, S., Booth, R. S., Black, J. H., & Johansson, L. E. B. 1995, A&A, 300, 369
Aalto, S., Radford, S. J. E., Scoville, N. Z., & Sargent, A. I. 1997, ApJ, 475, L107
Aalto, S. 2007, New Astr., 51, 52
Alonso-Herrero, A., Rieke, G. H., Rieke, M. J., & Scoville, N. Z. 2002, AJ, 124, 166
Armus, L., Mazzarella, J. M., Evans, A. S., et al. 2009, PASP, 121, 559
Bournaud, F., Powell, L. C., Chapon, D., & Teyssier, R. 2011, IAU Symposium, 271, 160
Casoli, F., Dupraz, C., & Combes, F. 1992, A&A, 264, 55
Daddi, E., Elbaz, D., Walter, F., et al. 2010, ApJ, 714, L118
Glenn, J. & Hunter, T. R. 2001, ApJS, 135, 177
Grimes, J. P., Heckman, T., Hoopes, C., et al. 2006, ApJ, 648, 310
Imanishi, M. & Nakanishi, K. 2014, AJ, 148, 9
Iono, D., Ho, P. T. P., Yun, M. S., et al. 2004, ApJ, 616, L63
Iono, D., Saito, T., Yun, M. S., et al. 2013, PASJ, 65, L7
Kennicutt, R. C., Jr. 1998, ApJ, 498, 541
Papadopoulos, P. P., van der Werf, P. P., Xilouris, E. M., et al. 2012, MNRAS, 426, 2601
Saito, T., Iono, D., Yun, M., et al. 2013, Astronomical Society of the Pacific Conference Series,

476, 287
Sliwa, K., Wilson, C. D., Petitpas, G. R., et al. 2012, ApJ, 753, 46
Tateuchi, K., Motohara, K., Konishi, M., et al. 2012, Publication of Korean Astronomical Society,

27, 297
Ueda, J., Iono, D., Petitpas, G., et al. 2012, ApJ, 745, 65
Yun, M. S., Scoville, N. Z., & Knop, R. A. 1994, ApJ, 430, L109

https://doi.org/10.1017/S174392131400965X Published online by Cambridge University Press

https://doi.org/10.1017/S174392131400965X

