Research in Astron. Astrophys2013 Vol. 13 No. 3, 270-276

R hi
http: //mww.raa-journal.org  http://mwww.iop.org/journals/raa esearch in

Astronomy and
Astrophysics

High resolution observations of the 6 cm H,CO maser in
NGC 6240 *

Jun-Zhi Wang?3, Zhi-Yu Zhang*® and Yu Gad

1 School of Astronomy and Space Science, Nanjing Universiyjing 210093, China;
junzhiwang@nju.edu.cn

Key Laboratory of Modern Astronomy and Astrophysics (NagjUniversity), Ministry of
Education, Nanjing 210093, China

3 Purple Mountain Observatory, Chinese Academy of Scieri¢asjing 210008, China
Max-Planck-Institut fir Radioastronomie, Auf dem Hugel D-53121 Bonn, Germany
Graduate University of Chinese Academy of Sciences, Beilid0049, China

2

[SLE

Received 2011 November 18; accepted 2012 October 10

Abstract We present high resolution(1”) H,CO maser and 5 GHz radio contin-
uum observations toward nearby merging galaxy NGC 6240 witehe Very Large
Array in an A configuration. Two concentrations o €O emission at about a-ievel
have been detected, one of which is associated with thegasdCO peak in the over-
lap region while the other is about Zouthwest of the southern galaxy. BothGD
concentrations are associated with near infrargemission, which is thought to be
from shocked molecular gas. The total D line luminosity in NGC 6240 is about
60% of that in Arp 220. Based on the distribution of D emission in NGC 6240,
which has both active galactic nuclei and an extreme starhine HCO megamaser
is likely to be related to the effect of the starburst instedduclear activity. Radio
continuum cannot be the inversion mechanism €8 megamasers, because the two
H>CO concentrations in NGC 6240 are not associated with ramitriuum emission.
Instead, with the association of near infrareglétnission, shock dynamics may pro-
duce the inverted population of, @0 needed to generate megamasers.

Key words: galaxies: ISM — galaxies: kinematics and dynamics — gatxiali-
vidual (NGC 6240)

1 INTRODUCTION

Formaldehyde (LICO) was first detected in the Milky Way in absorption at 4.825®% GHz
(111—110) (Snyder et al. 1969), but emission of this line is rare bathhe Milky Way and in
other galaxies (Araya et al. 2004). There are so far seveemnagions that have been reported in

the Milky Way (Araya et al. 2007a) and about ten detectionslg£O 1,;—11( line emission in

other galaxies, but only three (Arp 220, IC 860 and IR 151@24) of them have been confirmed
independently (Baan et al. 1986, 1993; Araya et al. 2004;ddanet al. 2008). KICO 1,1 —11¢
emission in galaxies was thought to be from megamasersahstethermal emission (Baan et al.
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1986). Because of the small number of extragalactic sotheg$iave been detected emittingGD
111—1109 and only one high resolution observation which was done tdwap 220 with the Very
Large Array (VLA) (Baan & Haschick 1995), it is hard to deténmif this maser emission is due to
nuclear activity, which is thought to produce ® megamasers, or a starburst, like OH megamasers
(Lo 2005). High spatial resolution observations towarC® emitting galaxies with both Active
Galactic Nuclei (AGNs) and starbursts are necessary fagiplysdisentangling the origin of #CO
megamasers.

NGC 6240 is the first identified double AGN with a separatiof.df (Komossa et al. 2003) at a
distance of 107 Mpc (lono et al. 2007). With detection of styél, CO emission (Baan et al. 1993),
itis an ideal source for determining the origin of GO emission using high resolution observations.
Most of the molecular gas, traced by CO 2-1, is concentratétki overlap region between the two
galaxies, but the 1.3 mm continuum emission is dominatetiépouthern nucleus and was thought
to be non-thermal synchrotron emission (Tacconi et al. 198@rm molecular gas traced by CO
3-2 is also concentrated in the area where the strongest C@rission is detected, as well as
860um continuum emission which is thought to be mainly from thalrdust emission (lono et al.
2007). High spatial resolution observations toward NGC@6@4dn help to determine the origin of
H>,CO megamasers: is it from off-nuclear starburst regionséen the two merging nuclei like OH
megamasers, or from disks around an AGN likgCHmegamasers (Lo 2005)?

In this paper, we describe the observations and data reduotSection 2, present our main re-
sults in Section 3, discuss findings related to the originroHaCO megamaser with single dish
H>CO observations and multi-wavelength properties in Sacfipand give a brief summary in
Section 5.

2 OBSERVATIONS AND DATA REDUCTION

H,CO maser and 5 GHz radio continuum emission observationsG 8240 were made with
the NRAO VLA C band in A configuration on 2007 June 21 for 8h. b6 2vas used as a flux
and bandpass calibrator, while 1658+052 was used as a paldsaior with cycling of 2 min and
20 min between phase calibrator and source, respectively.cbrrelator was configured in 2AC
mode with a bandwidth of 25 MHz, yielding 15 channels and 253@Hz frequency resolution for
each polarization. The frequency at the band center was st fequency 4.7148495 GHz, which
gave the optical velocity of 7305 knt$ for the H,CO (1, — 111, rest frequency 4.8296569 GHz)
line and had a velocity coverage of about 1500 km.sThe data were calibrated and imaged after
combining dual polarization data with AIPS. Line-free chals were used for continuum subtraction
with the task ‘uvlsf’ and for making a continuum image, whigdwve the beam size of @.5¢ 0.48"
and position angle of 12°@vith natural weighting. To avoid an edge channel effect avgsible line
emission, we used the 3rd and 12th channels, which corrdsgiao the velocity of 7790 kms
and 6916 km s' respectively, as line free channels for continuum sukittacThen we integrated
eight channels from 4 to 11, which corresponded to the vgledgidth of ~ 780 km s~1, to produce
the image for HCO emission. To improve the signal to noise ratio, we peréauvtaper’ for the
continuum subtracted data and obtained a larger beam s@¥ex(0.93"” with position angle 0£9°)
than that of the continuum map, with a noise level of 0.06 nelgny . We also obtained the data
cube of HCO emission with and without continuum subtraction.

3 RESULTS

We detected two concentrations of €O emission in NGC 6240 at about the Rvel (see Fig. 1),
neither of which is directly associated with the two nucldCO emission at the position of

a = 16"52™m58.88%, § = 02°24/03.75" (J2000) is in between the two nuclei but closer to the
southern galaxy than to the northern galaxy, while the s@d¢dyCO emission component, with

a = 16"52m58.76%, 6 = 02°24/02.65” (J2000), is located to the southwest of the southern galaxy.



272 J.Z.Wang, Z. Y. Zhang & Y. Gao

Te]
~—
r o
" o
06" |
05" -
[ ~—
r <
L o
~ 04" f
o
3 L
o
o L
Z
= ot
03 r v‘)
r o
o —
I X
L ] o
02" |
02°24'01" |
| L | L | L | L | L |

L | L
16852™59%05 59°00 58%95 58%90 58%85 5880 58575
o (J2000)

Fig.1 H2CO (contour) overlaid on 5 GHz radio continuum emissiagrdy scale) obtained simul-
taneously with our VLA observation. The twe-' symbols are the continuum peaks of the two
galaxies from our data, while the<’ is the peak of CO 3-2 (lono et al. 2007). The beam size of
H>CO emission id.0” x 0.93" with position angle 0o29°, while itis 0.5” x 0.48" with a position
angle of 12.8 for the 5 GHz continuum. The contour levels are 0.04 mJy beam 6, 7, 8 and 9,
and the rms is 0.06 mJy for€O maser emission.

The fluxes of the two KHICO emission components are 0.38 Jy km and 0.35 Jy kms! respec-
tively.

Figure 1 shows the overlay of €0 and 5 GHz radio continuum emission obtained simulta-
neously with our VLA observation. Apparently, they havéditcorrespondence in terms of spatial
distribution except for the northern part of the southernlews region. However, the continuum
distribution is similar to the results of C band continuumrpimlogy which has been well presented
and discussed in Colbert et al. (1994).

The location of the strongerd€O emission is near the peak of CO 3-2 (lono et al. 2007) and
2-1 (Tacconi et al. 1999), with an offset of about’Otéward the west. The second component of
the H,CO maser is associated with the ‘A" component of CO 2-1 ewisélacconi et al. 1999)
as well as with the extended CO 3-2 and HC®-3 (lono et al. 2007), and also with near-IR H
emission observed by HST and Keck (Max et al. 2005). In a hégblution CO 3-2 map (Vivian U
et al., private communication), the strongest CO 3-2 peaksentially at the position identical to
the stronger HCO.

Single dish HCO observations toward NGC 6240 have been done with Are@barf et al.
1993; Araya et al. 2004) and Green Bank Telescope (GBT) (Manet al. 2008), which showed
different results in these three observations. Baan et@93) claimed a detection of strong emission
with the peak intensity 0f-2.6 mJy and a width of- 600 km s'!, but the new observation with
Arecibo (Araya et al. 2004) did not detect this emission aug bandpass problem, and the observa-
tion with GBT (Mangum et al. 2008) showed the absorption bhél,CO instead of emission. For
comparison, we produced our VLA data cube without subtngatontinuum emission and obtained
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Fig.2 Integrated spectrum of the;l @O line over the whole NGC 6240 emission region.
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Fig.3 Spectra of the concentration at the peak position betwestnth nuclei, without Igft) and
with (right) ‘uvlsf.’

the integrated spectrum of the whole system. Our resultresdat similar to that of the GBT ob-
servation (Mangum et al. 2008), showing the absorptionifisezad of the emission line ofl€0.
The continuum flux obtained in our observation is similaritattfrom the VLA A configuration at
4.885 GHz (Colbert et al. 1994), which means that our fluxbeation is correct. But the 6 cm con-
tinuum flux from our data and the previous data from the VLA Afiguration only recover 60%
of the flux compared to data from the VLA B configuration (Catbet al. 1994) and single dish
measurement (Gregory & Condon 1991; Griffith et al. 1995)icivineveals that missing flux from
the extended continuum emission is a serious problem in ighrresolution data. With the contin-
uum subtracted image of€0 and the integrated spectrum of the entire source withantfrtuum
subtraction shown in Figure 2, we found that NGC 6240 had tialemission and absorption line
of H,CO, which were mixed in single dish observations becausedhaens were much larger than
the size of NGC 6240. Even though, due to the bandwidth lioitaof the VLA correlator, only
the 3rd and 12th channels have been used as line-free ckdanebntinuum subtraction, we have
already avoided the edge channels to obtain line emissidih,GO. The data cube made without
continuum subtraction shows that only the first and last obirhave significantly higher rms than
that of other channels, but other channels, including tdeaBd 12th channels, are at the same noise
level.

We also obtained the spectra at peak positions of the twoerdrations from the data cube
with and without continuum subtraction through ‘uvisf.’ &lspectra of the concentration in be-
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Fig.4 Spectra of the concentration at the second component agstavith the peak position,
without (eft) and with ¢ight) ‘uvisf.’

tween the two galaxies are shown in Figure 3, while the othegsshown in Figure 4. Since the
concentration between the two nuclei is affected by theiconom emission from the southern nu-
cleus, which is about 100 times that of the line flux,GO emission obtained with and without
continuum subtraction show different line shapes. On themiand, the spectra with and without
continuum subtraction of the second concentration showaasiline shape, but the spectrum with
continuum subtraction has a higher line flux than that witlbmuntinuum subtraction. The spectrum
with continuum subtraction is at ther3evel, with an rms of about 0.15mJy at the velocity resolu-
tion ~ 90 km s~1, but the theoretical rms at such velocity resolution is @8 mJy. The higher
rms of our result compared to the theoretical number may beezhby a side lobe of the strong
continuum emission from the two nuclei.

4 DISCUSSION

As NGC 6240 is a galaxy merger with both nuclear activity axtleane starburst activity, and our
results showed that neither of the twg®D maser concentrations was directly associated with the
nuclei, we would like to suggest that, BO megamasers are not necessarily related to nuclear ac-
tivity. With our ~ 1” resolution beam and limited S/N ratio, it is hard to studyadet structures
of the two H,CO concentrations. But we know that they are not point s@,lmecause we obtained
a better S/N ratio map with ‘uvtaper’ than that without ‘ysa.’ Both H,CO concentrations are
associated with strong near-IR ldmission (Max et al. 2005), which is thought to be from shdcke
molecular gas. Such results imply that€D megamasers may be from shocked gas regions. With a
high resolution observation of absorption (Baan et al. 208Vcolumn density peaked at the south-
ern nucleus, while OH column density peaked in between tloentuelei, near to our HCO maser
concentration in between the two nuclei. On the other hdraH,CO concentration southwest of
the southern nucleus is associated with extended HI alisn@atd an off-nuclear OH concentration
based on the results from the VLA observation (Baan et al7p(b the two HCO concentrations
in NGC 6240 are related to molecular gas traced not only by @f3ston but also by OH absorption.
Maser emissions in NGC 6240 are not associated with raditrearm based on our high reso-
lution map. After checking with the low resolution B configtion C band data (Colbert et al. 1994),
the southwest concentration at the positiomof 16752™58.76%, § = 02°24’02.65” (J2000) has
very weak or no C band continuum emission, at the level oftleas 3 mJy beam!. So the radio
continuum, which has been proposed by Boland & de Jong (188d Pratap et al. (1992) for the
H>CO maser in Galactic massive star forming regions, is nabtiginversion mechanism of4CO
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megamasers. It has been pointed out that the inversion mischaannot explain the ££O maser

in NGC 7538 with high resolution VLA, VLBA or MERLIN observiains (Hoffman et al. 2003).
After we convolved our continuum data to the same beam sidatasfrom the VLA B configuration
(Colbert et al. 1994) and overlaid one set with the other,aumé that the emissions of the two data
sets are almost the same near the two nuclei, which meamaibging flux of extended emission is
notimportant near the two nuclei and we can use our highuésaldata to estimate continuum flux
at the position of HCO emission in between the two nuclei. From our map, contimamission at
that H,CO concentration is mainly from the Gaussian beam exterfsion the southern nucleus.
So even though we cannot rule out extended C band continuussiem at the concentration in
between the two nuclei, C band continuum there is much wethleer that in the two nuclei. We
would like to suggest that radio continuum pumping is natlijito be the inversion mechanism of
H,CO even for the concentration in between the two nuclei. @s®@ation of the HCO maser
with near-IR H, emission in NGC 6240 indicates shock dynamics, which haea Iseggested for
explaining the HCO maser near NGC 7538, a Galactic Hll region (Hoffman et@03}, and might
be the inversion mechanism for,BO megamasers. Higher resolution and higher sensitivitg®i
data in NGC 6240 may also help us search fg€8 masers in the Milky Way. The most luminous
H>CO megamaser detected in the nearest ULIRG Arp 220 (Baan1&&, 1993; Baan & Haschick
1995) has a luminosity of 6L, and an integrated line flux ef 1.8 Jy km s™!, which is similar to
the flux of a Galactic HCO maser in NGC 7538 (Araya et al. 2007b). The luminosity efkhCO
maser in Arp 220 is about-510° (~ 3 x 10® for NGC 6240) times of that in NGC 7538. With the
extremely low detection rate of4€O masers in massive star forming regions (Araya et al. 20@7a
is difficult to believe that most HCO megamasers come from massive star forming regions ie thos
galaxies. Since the 4O maser in NGC 6240 associated with near-IR éfission (Max et al.
2005) is thought to be from a shocked gas region, Galactiecoddr clouds surrounding supernova
remnants may be good candidates for searching §@®masers in the Milky Way.

5 SUMMARY AND PROSPECTS

With high resolution observations of an,80 maser using the VLA in A configuration toward the
nearby merging galaxy NGC 6240, we detected two conceotratbf H,CO maser emission in
off-nuclear regions. The integrated flux o6 &0 emission is much less than that reported with the
observation of Arecibo (Baan et al. 1993). The integratetspm without continuum subtraction
is similar to that with the observation of GBT (Mangum et &108). We suggest that the result from
Arecibo (Baan et al. 1993) has not been correctly interprbezause it was detected with a single
dish.

H>CO maser emissions in NGC 6240 are associated with shockettayed by near-IR #
emission. As the second galaxy observed with VLA at highltg&mm (~ 1”) containing an HCO
maser, based on the distribution of €O, radio continuum and §Hemission, in NGC 6240, we
suggest that HCO megamasers in galaxies do not necessarily arise froneauacttivity, and the
radio continuum should not come from the inversion mecharo$ H,CO megamasers. Such an
inverted population, which is necessary to produg€8 megamasers in galaxies, may be due to
shocks in molecular clouds.

Since the HCO 1,;—119 maser can be confused with the absorption line, which carrde p
duced in cold molecular gas, we need to use a radio interfet@mwith a high resolution to distin-
guish emission components from an absorption spectrungadsf a large single dish radio tele-
scope, when searching fo,BO megamasers in galaxies. Due to the low detection rate, 6CH
masers near massive star forming regions in the Milky Wayneed to search for HLO masers
near other types of sources, such as the interaction regamg&en supernova remnants and molec-
ular clouds, with shocked molecular gas, and with less gigorattenuation due to smaller,8O
column density than that in massive star forming regionse®ations with radio interferometers
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such as EVLA and WSRT near gas rich galaxies and moleculadsloear supernova remnants in
the Milky Way can help us better understangl3®© masers.
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