
MNRAS 000, 1–19 (2015) Preprint 4 July 2017 Compiled using MNRAS LATEX style file v3.0

Star formation and AGN activity in a sample of local
Luminous Infrared Galaxies through multi-wavelength
characterization

Rubén Herrero-Illana,1,2? Miguel Á. Pérez-Torres,1,3 Zara Randriamanakoto,4
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ABSTRACT
Nuclear starbursts and AGN activity are the main heating processes in luminous in-
frared galaxies (LIRGs) and their relationship is fundamental to understand galaxy
evolution. In this paper, we study the star-formation and AGN activity of a sample
of 11 local LIRGs imaged with subarcsecond angular resolution at radio (8.4 GHz)
and near-infrared (2.2 µm) wavelengths. This allows us to characterize the central kpc
of these galaxies with a spatial resolution of ' 100 pc. In general, we find a good
spatial correlation between the radio and the near-IR emission, although radio emis-
sion tends to be more concentrated in the nuclear regions. Additionally, we use an
MCMC code to model their multi-wavelength spectral energy distribution (SED) us-
ing template libraries of starburst, AGN and spheroidal/cirrus models, determining
the luminosity contribution of each component, and finding that all sources in our
sample are starburst-dominated, except for NGC 6926 with an AGN contribution of
' 64%. Our sources show high star formation rates (40 to 167 M� yr−1), supernova
rates (0.4 to 2.0 SN yr−1), and similar starburst ages (13 to 29 Myr), except for the
young starburst (9 Myr) in NGC 6926. A comparison of our derived star-forming pa-
rameters with estimates obtained from different IR and radio tracers shows an overall
consistency among the different star formation tracers. AGN tracers based on mid-IR,
high-ionization line ratios also show an overall agreement with our SED model fit es-
timates for the AGN. Finally, we use our wide-band VLA observations to determine
pixel-by-pixel radio spectral indices for all galaxies in our sample, finding a typical
median value (α ' −0.8) for synchrotron-powered LIRGs.
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1 INTRODUCTION

Luminous Infrared Galaxies (LIRGs) are defined as those
galaxies with an infrared luminosity LIR[8–1000 µm] >

1011L�. The majority of these sources, discovered in the
early 1980s by the IRAS satellite, are actually galaxies un-
dergoing a merging process.

While most LIRGs are dominated by violent episodes
of nuclear star formation (starbursts; see e.g., Petric et al.
2011; Stierwalt et al. 2013), many of them also contain an ac-
tive galactic nucleus (AGN). The existence and link between
these two processes (e.g., Shao et al. 2010) make LIRGs ideal
laboratories in which to study the AGN-starburst connec-
tion.

The parameters describing the star formation in a
galaxy can be obtained by means of a number of indirect
tracers and prescriptions based on different bands of the
electromagnetic spectrum, including UV and far-IR contin-
uum, as well as several recombination or forbidden lines (see
review by Kennicutt 1998). Recently, near-IR observations
have also proven useful to characterize the star formation
properties of LIRGs through the study of super star clus-
ters (SSCs; Portegies Zwart et al. 2010; Randriamanakoto
et al. 2013a,b), which are young (' 10 Myr) massive star
clusters that preferentially form whenever there is strong
ongoing starburst activity. Other tracers are used to infer
the AGN type, its luminosity and its relative contribution
to the bolometric luminosity of galaxies, such as X-ray emis-
sion (Treister et al. 2009; Mullaney et al. 2011), mid-IR con-
tinuum (Asmus et al. 2014) or optical (e.g. Bassani et al.
1999; Heckman et al. 2005) and IR spectral lines (Genzel
et al. 1998; Pereira-Santaella et al. 2010; Diamond-Stanic
et al. 2009).

However, the large amounts of dust present in LIRGs,
whose reprocessing of ultraviolet photons from massive stars
is responsible for the high IR luminosities in these systems,
impose a limitation to optical and near-IR tracers due to
dust obscuration (Mattila & Meikle 2001). For this reason,
observations at radio wavelengths, unaffected by dust extinc-
tion, are an alternative and powerful tool to trace starburst
(SB) and AGN processes in the innermost regions of these
systems (Condon 1992; Parra et al. 2007; Pérez-Torres et al.
2009, 2010; Murphy et al. 2011; Romero-Cañizales et al.
2012a).

There is a well-known tight linear correlation between
the far-IR and radio (1.4 GHz) luminosities (van der Kruit
1973; de Jong et al. 1985; Helou et al. 1985; Condon 1992),
with no evident dependence with redshift (Ivison et al. 2010;
Pannella et al. 2015). To quantify this correlation, the so
called q-factor (Helou et al. 1985) was defined as:

q = log
(
FIR/3.72 × 1012 Hz

S1.49 GHz

)
, (1)

where S1.49 GHz is the flux density at 1.49 GHz in units of
W m−2 Hz−1 and FIR is defined as

FIR = 1.26 × 10−14(2.58S60µm + S100µm), (2)

with S60µm and S100µm being the IRAS fluxes in Jy at 60
and 100 µm, respectively. The mean value of the q-factor
in the IRAS Bright Galaxy Sample (Condon & Yin 1990)
is 〈q〉 = 2.34 (Condon & Broderick 1991; Yun et al. 2001).
While a radio excess (q < 2.34) is typically associated with

a strong AGN contribution (e.g. Roy & Norris 1997; Donley
et al. 2005; Ivison et al. 2010; Del Moro et al. 2013) and a
FIR excess (q > 2.34) is suggestive of intense star formation,
this is not always the case (e.g., the obscured AGN in the
most FIR-excess galaxy, NGC 1377; Costagliola et al. 2016).
In general, the q-factor cannot be used as a standalone tool
to separate AGN from starburst galaxies (Morić et al. 2010;
Padovani et al. 2011).

The underlying physics for the FIR-radio correlation is
usually associated with a star formation origin: dust repro-
cesses massive-star UV radiation into far infrared photons,
while the explosions of those same stars as supernovae (SNe)
accelerate the cosmic ray electrons, responsible for the radio
non-thermal synchrotron radiation (e.g., Voelk 1989; Lisen-
feld et al. 1996; Lacki et al. 2010; Lacki & Thompson 2010).
Thermal bremsstrahlung arising from H ii regions (free-free
emission) is also linked to this correlation (e.g., Murphy
et al. 2011). Therefore, both thermal and non-thermal emis-
sion are correlated with the far-IR and are good tracers
of star-formation. Correlations between radio emission and
windows in the IR regime other than the far-IR exist (e.g.,
3.3µm and 8.7µm; as used for NGC 1614 in Alonso-Herrero
et al. 2001; Väisänen et al. 2012; Herrero-Illana et al. 2014),
but are not as clear nor that well studied.

A problem of many of the starburst indicators men-
tioned above is the frequent contamination of the tracers
by the effects of an AGN. Notable examples are the con-
tamination of the radio continuum by putative jets (Cleary
et al. 2007) and the significant contribution to the far-IR
through the heating of the narrow line region by the AGN
(Tadhunter et al. 2007). A way to overcome this problem is
to fit a multi-wavelength spectral energy distribution (SED)
combining templates of both starbursts and AGN (e.g., Efs-
tathiou et al. 2000; Netzer et al. 2007; Mullaney et al. 2011;
Calistro Rivera et al. 2016).

In this paper, we model the SED of a sample of 11
local LIRGs and compare our derived starburst and AGN
properties with other models. We also present radio X-band
(8.4 GHz) and near-IR KS-band (2.2 µm; hereafter referred
to as K-band) observations of this sample, comparing them
and analyzing possible near-IR/radio correlations. The pa-
per is structured as follows: in section 2 we present the sam-
ple, together with a concise individual description of the
sources, and in section 3 we present our observations and
details on the data reduction. Through the discussion (sec-
tion 4) we describe our SED modeling in section 4.1, and
compare it with other tracers of star formation and AGN
activity. We then compare our radio and near-IR observa-
tions (section 4.2), analyze the special case of IRAS 16516-
0948 (section 4.3) and discuss the radio spectral index of our
sources (section 4.4). We summarize our results in section 5.

Throughout this paper we adopt a cosmology with H0 =
75 km s−1 Mpc−1, ΩΛ = 0.7 and Ωm = 0.3.

2 THE SAMPLE

The sources in our LIRG sample are taken from the IRAS
Revised Bright Galaxy Sample (IRBGS; Sanders et al.
2003), and fulfill the following criteria: D < 110 Mpc, lu-
minosity log(LIR/L�) > 11.20, and declination δ > −35◦. We
chose those criteria so that our 8.4 GHz Karl G. Jansky Very
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Star formation and nuclear activity in local LIRGs 3

Large Array (VLA) observations in A-configuration (angu-
lar resolution of ' 0.3′′) could image the central kpc re-
gion of all galaxies with spatial resolutions of ' 70 − 150 pc,
which would allow us to disentangle the compact radio emis-
sion from a putative AGN from the diffuse, extended radio
emission linked to a starburst, as well as potentially allow-
ing the detection of other compact sources, e.g., individual
supernovae or supernova remnants (SNR). Furthermore, we
excluded warm LIRGs with IRAS color f25/ f60 > 0.2 to pre-
vent contamination from obscured AGN activity (e.g., Far-
rah et al. 2007), except for Arp 299 ( f25/ f60 = 0.22), which is
borderline, but was included in the study since it is one of the
most luminous local LIRGs. A total of 54 out of 629 sources
in the IRBGS satisfy the conditions above, from which ours
is a representative sample. Finally, we also excluded galaxies
with no nearby reference star to guide the adaptive optics
(AO) observations with the VLT or the Gemini telescopes.

In Table 1 we show our final sample, which consists of
11 LIRGs (although the two components of one of them,
Arp 299, are treated separately), all of them included in
the GOALS sample (Armus et al. 2009), together with their
IR luminosity and luminosity distance. We also include the
merger stage as derived from IRAC 3.6 µm morphology
(Stierwalt et al. 2013), and the q-factor values (Helou et al.
1985), obtained using the IRAS fluxes from the IRBGS and
the 1.4 GHz fluxes from the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998). An optical image of each source in our
sample is shown in Figure 1. In Figure 2 we show the corre-
lation between LIR and the radio luminosity at 1.4 GHz for
the sources in our sample (plotted with a star symbol) com-
pared with the resulting sources of a cross-match between
the IRBGS and the New VLA Sky Survey by Yun et al.
(2001).

A short individual description of each source, some of
which have been barely studied, is shown below.

2.1 MCG +08-11-002

This galaxy, also named IRAS 05368+4940, is a barred spiral
galaxy (type SBab) with a complex morphology, in a late
stage of merging (Stierwalt et al. 2013; Davies et al. 2016).
Its mid-IR extended emission is clearly silicate dominated
(Dı́az-Santos et al. 2011). Davies et al. (2016) found evidence
of a possible preceding starburst episode, likely linked to the
previous encounter of the galaxy nuclei.

2.2 Arp 299

Arp 299 is one of the most luminous LIRGs in the local Uni-
verse, and for that reason one of the most studied systems. It
is in an early merger stage according to Keel & Wu (1995)
or in a mid-stage according to Stierwalt et al. (2013) and
Larson et al. (2016). Arp 299 is formed by two galaxies and
exhibits two clear radio nuclei (Gehrz et al. 1983), A and
B, and two secondary components, C and C′. The remain-
ing compact structure, D, is believed to be a background
quasar, unrelated to the system (Ulvestad 2009). Each ra-
dio source is identified in Figure 3. Several supernovae have
been recently discovered in the inter nuclear region (Ry-
der et al. 2010; Mattila et al. 2010; Herrero-Illana et al.
2012b; Romero-Cañizales et al. 2014; Kankare et al. 2014)

IRAS 18293-3413

Arp 299

IC 883

NGC 6926

IRAS 17578-0400IRAS 17138-1017IRAS 16516-0948

NGC 6240CGCG 049-057

ESO 440-IG058MCG+08-11-002

19 kpc12 kpc 7 kpc

15 kpc 5 kpc 18 kpc

11 kpc 12 kpc 7 kpc

10 kpc 11 kpc

Figure 1. Optical color composite images of the galaxies in our

LIRG sample. Images are from the Sloan Digital Sky Survey
(SDSS) DR9 (Ahn et al. 2012) when available, or from the STScI

Digitized Sky Survey (DSS) otherwise.
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Figure 2. Radio (1.4 GHz) vs. infrared (8 − 1000µm) luminos-

ity plotted for a sample of IRAS galaxies (dots) and our galaxy
sample (stars), which falls into the LIRG regime. The most radio-

powerful galaxy in our sample, NGC 6240, is also the one that

deviates most from the correlation.
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Table 1. Galaxy sample properties.

Name RA Dec. DL Merger stage2 log(LIR) log(L1.4 GHz) q-factor3 X-ray

(J2000) (J2000) (Mpc) (L�) (erg s−1 Hz−1) classification4

MCG+08-11-002 05 40 43.7 +49 41 41 77.2 d 11.41 29.56 2.61 · · ·
Arp2991 11 28 29.8 +58 33 43 47.7 c 11.88 30.27 2.30 AGN

ESO 440-IG058 12 06 51.9 −31 56 54 100.5 b 11.36 29.80 2.32 · · ·
IC 883 13 20 35.3 +34 08 22 100.0 d 11.67 30.10 2.34 AGN

CGCG 049-057 15 13 13.1 +07 13 32 59.1 N 11.27 29.35 2.74 No AGN

NGC 6240 16 52 58.9 +02 24 03 103.9 d 11.85 30.74 1.83 AGN
IRAS 16516-0948 16 54 24.0 −09 53 21 96.9 d 11.24 29.91 2.08 · · ·
IRAS 17138-1017 17 16 35.8 −10 20 39 75.9 d 11.42 29.66 2.47 · · ·
IRAS 17578-0400 18 00 31.9 −04 00 53 58.6 b 11.35 29.52 2.64 No AGN
IRAS 18293-3413 18 32 41.1 −34 11 27 77.8 c 11.81 30.21 2.33 No AGN

NGC 6926 20 33 06.1 −02 01 39 81.9 d 11.26 29.98 1.97 AGN

IR luminosities and luminosity distances were obtained from Sanders et al. (2003), while radio 1.4 GHz luminosities come from Condon

et al. (1998).
1 Including both NGC 3690W and NGC 3690E.

2 From the visual inspection of the Spitzer -IRAC 3.6 µm images (Stierwalt et al. 2013). The code is as follows: (N) non merger; (a)

pre-merger; (b) early-stage merger; (c) mid-stage merger; (d) late stage merger.
3 See equation 1 for the definition of q-factor (Helou et al. 1985).

4 When not stated, X-ray data are not available or inconclusive. See individual description of the galaxies for the corresponding
references.

A

B

C
C’

D

Figure 3. VLA 8.4 GHz image showing the radio sources in the

Arp 299 system. Nuclei A and B are the main components of
NGC 3690 East and NGC 3690 West, respectively. Further details

on the image can be found in section 3.1

.

and in nucleus B (Ulvestad 2009; Romero-Cañizales et al.
2011, Pérez-Torres et al., in prep.). However, it is the A nu-
cleus that hosts a very rich supernova factory (Neff et al.
2004; Pérez-Torres et al. 2009; Ulvestad 2009; Bondi et al.
2012; Herrero-Illana et al. 2012a), as well as a low lumi-
nosity AGN, suggested from X-ray observations (Della Ceca
et al. 2002; Zezas et al. 2003; Ballo et al. 2004), and found
by means of VLBI observations (Pérez-Torres et al. 2010).
SED modeling for this system yielded a star formation rate
(SFR) of 90 and 56 M� yr−1 for the east and west compo-
nents, respectively (Mattila et al. 2012).

While there are different nomenclatures to name the two
galactic components of Arp 299, some have produced confu-
sion in the literature (Corwin 2004). To avoid that, we use
the unequivocal designations NGC 3690 East and NGC 3690
West for these components, which are treated individually
throughout this paper.

2.3 ESO 440-IG058

This LIRG, also known as IRAS 12042-3140, consists of two
merging galaxies separated by ' 6 kpc. The northern com-
ponent is very compact and has been classified as a LINER
(Corbett et al. 2003). While the northern galaxy is domi-
nated by star formation, the southern emission appears to
be dominated by shocks (v = 100−150 km s−1; Monreal-Ibero
et al. 2010).

Based on the IR luminosity, Miluzio et al. (2013) es-
timated that ESO 440-IG058 has a star formation rate
of 36 M� yr−1 and an expected SN rate of 0.4 SN yr−1.
Rodŕıguez-Zauŕın et al. (2011) derived an age of the stel-
lar population of t . 6.5 Myr for the currently star forming
stellar population.

2.4 IC 883

IC 883, also known as UGC 8387, is a late-merger LIRG at
a distance of 100 Mpc, showing a peculiar morphology, with
extended perpendicular tidal tails visible in the optical and
near-IR (Smith et al. 1995; Scoville et al. 2000; Modica et al.
2012). This source was classified as an AGN/SB composite
(Yuan et al. 2010), which has been confirmed by the direct
detection of a number of radio componentes that are consis-
tent with an AGN and with SNe/SNRs (Romero-Cañizales
et al. 2012b) and with the detection, in the near-IR, of two
SNe (Kankare et al. 2012) within the innermost nuclear re-
gion of the galaxy. Through SED model fitting, Romero-
Cañizales et al. (2012b) estimated a core collapse supernova
(CCSN) rate of 1.1 SN yr−1 and a SFR of 185 M� yr−1. IC 883
also presents strong PAH emission, silicate absorption and a
steep spectrum beyond 20 µm (Vega et al. 2008). Recently,
using radio VLBI and X-ray data, Romero-Cañizales et al.
(2017) have reported unequivocal evidence of AGN activity,
with the nucleus showing a core-jet structure and the jet
having subluminal proper-motion.

MNRAS 000, 1–19 (2015)
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2.5 CGCG 049-057

Also known as IRAS 15107+0724, this is the only LIRG in
our sample classified as isolated. However, despite its ap-
parent isolation (Larson et al. 2016), it has a complex and
dusty nuclear morphology, so some form of past interaction
cannot be ruled out. It hosts an OH megamaser (Bottinelli
et al. 1986; Baan et al. 1987). It is optically classified as a
pure starburst, supported by Chandra X-ray observations
(Lehmer et al. 2010). However multi-band radio observa-
tions show evidence of a buried AGN within the SB (Baan
& Klöckner 2006).

2.6 NGC 6240

This bright LIRG is a well-studied late-stage merger (Stier-
walt et al. 2013). It hosts one of the few binary AGN de-
tected so far using Chandra hard X-ray observations (Ko-
mossa et al. 2003), with a projected distance of ' 1 kpc. This
was later supported by the detection of two compact unre-
solved sources at radio wavelengths with inverted spectral
indices (α = +1.0 and α = +3.6 for the north and south com-
ponent respectively; see Gallimore & Beswick 2004), finding
also a third component with a spectral index consistent with
a radio supernova. Close to the southern nucleus, a water-
vapor megamaser was found (Nakai et al. 2002; Sato et al.
2005).

2.7 IRAS 16516-0948

This unexplored LIRG was optically identified as a star
forming galaxy (Mauch & Sadler 2007), and classified as
a late merger from its infrared morphology (Stierwalt et al.
2013). IRAS 16516-0948 was part of the COLA project, for
which high-resolution radio imaging did not detect any com-
pact core (Corbett et al. 2002). Despite the scarce informa-
tion available for this galaxy, we found it to be an interesting
source, as discussed in section 4.3.

2.8 IRAS 17138-1017

This LIRG is a highly obscured starburst galaxy (Depoy
et al. 1988) in a late stage of interaction. An extremely
extinguished supernova (AV = 15.7 ± 0.8 mag) was discov-
ered in IRAS 17138-1017 using infrared K-band observations
(SN2008cs; Kankare et al. 2008b) Two more supernovae were
also found: SN2002bw (Li 2002; Matheson et al. 2002) and
SN2004iq (Kankare et al. 2008a).

2.9 IRAS 17578-0400

This is a galaxy pair in an early stage of merging (Stier-
walt et al. 2013). Ultra-hard X-ray (14–195 keV) observa-
tions with the Swift Burst Alert Telescope (BAT) searching
for AGN did not detect any compact emission in this source
(Koss et al. 2013). There is abundant archival data in the
X-ray, optical, IR, and millimeter bands for this source (see,
e.g., Lu et al. 2014; Stierwalt et al. 2014; Rich et al. 2015),
although no significant results for the purposes of this paper
have been reported in the literature.

2.10 IRAS 18293-3413

This source was classified as an H ii galaxy based on its op-
tical spectrum (Veilleux et al. 1995). It was detected in hard
X-ray data (2–10 keV), obtained with ASCA, at a 5σ level
by Risaliti et al. (2000), finding no evidence of any AGN con-
tribution to the X-ray spectrum. There are discrepancies on
the merger stage determination. Stierwalt et al. (2013) clas-
sified it as a mid-stage merger from the visual inspection of
Spitzer -IRAC 3.6 µm images; on the other hand, Haan et al.
(2011) classified it as a very early merger, with canonical
disks and no tidal tails based on its HST morphology. How-
ever, Väisänen et al. (2008b), using high-resolution near-IR
K-band adaptive optics imaging with VLT/NACO, showed
the galaxy to have a very complex morphology, strongly
suggesting a late stage interaction. The system includes a
rare un-evolved elliptical companion as well. Using SED
modeling, Mattila et al. (2007a) estimated a CCSN rate of
1 SN yr−1 for IRAS 18293-3413. Supernovae SN2004ip (Mat-
tila et al. 2007b; Pérez-Torres et al. 2007) and AT2013if
(Kool et al. in prep.) were discovered within the nuclear re-
gions of this galaxy.

2.11 NGC 6926

This relatively low luminosity LIRG is a spiral galaxy in
a very early phase of interaction with the dwarf elliptical
NGC 6929, located 4′ to the east. Optically identified as a
Seyfert 2 (Veilleux et al. 1995), NGC 6926 has a powerful
water-vapor megamaser (Greenhill et al. 2003; Sato et al.
2005), typically found in heavily obscured AGN (e.g. Green-
hill et al. 2003; Masini et al. 2016). Its X-ray hardness ratio
(Terashima et al. 2015) is also suggestive of an AGN. This
is the only source for which we lack near-IR observations.

3 OBSERVATIONS AND DATA REDUCTION

The observational data used in this study comes from (1)
multi-wavelength archival data obtained through the VizieR
photometry tool (used for the SED model fits) and (2) from
our own observations at both radio and near-IR wavelengths.
Table 2 shows a summary of these observations. The images
are shown in Figure 4 and discussed in section 4.2.

3.1 Radio

The radio data used in this paper were X-band (8.4 GHz,
3.6 cm) observations in full polarization mode and with a
total bandwidth of 2048 MHz (project 12B-105; PI: M. Á.
Pérez-Torres) taken between 5 October and 26 December
2012 using the new VLA capabilities. The total on-source
time for each target was approximately 30 min. For every
source we used 3C286 as flux and bandpass calibrator, while
we observed for each case a nearby bright point-like source
for phase calibration purposes. We used the Common As-
tronomy Software Applications (CASA, McMullin et al.
2007) package for data reduction purposes, which consisted
of standard amplitude and phase calibration. We imaged the
sources using a Briggs weighting scheme with ROBUST = 0.5

to obtain the best compromise between sensitivity and reso-
lution. Table 2 shows the beam size, noise achieved and peak

MNRAS 000, 1–19 (2015)
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Figure 4. Radio and near-IR comparison of our sample. The image shows the 8.4 GHz (3.6 cm) radio maps (left), the 2.2 µm IR maps

(middle) and the ratio between radio and IR (right), where redder colors imply radio dominated regions in contrast with bluer colors.

Contours are drawn every 3
(√

3
)n
× rms level, with n = 0, 1, 2, 3... A direct comparison in a single plot between radio and near-IR is shown

in Figure A1. MNRAS 000, 1–19 (2015)
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Figure 4 – continued
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Figure 4 – continued

Table 2. Observations summary.

Radio (8.4 GHz or 3.6 cm) Near-IR (2.2 µm)

Name FWHM rms Peak Int. flux Pixel size rms Peak Int. flux

(arcsec) (µJy beam−1) (mJy beam−1) (mJy) (arcsec) (µJy) (mJy) (mJy)

MCG+08-11-002 0.26 × 0.21 8.64 0.73 16.68 0.022 0.06 0.006 21.27
NGC 3690W 0.24 × 0.20 12.59 8.85 82.20 0.022 0.01 0.404 31.61

NGC 3690E 0.24 × 0.20 16.91 24.85 22.13 0.022 0.03 0.017 93.90
ESO 440-IG058 0.60 × 0.18 8.12 1.07 6.39 0.02 0.007 0.006 21.07

IC 883 0.27 × 0.21 13.52 10.51 34.06 0.022 0.02 0.006 17.09

CGCG 049-057 0.24 × 0.21 23.77 19.73 26.94 0.022 0.02 0.002 17.89
NGC 6240 0.27 × 0.20 29.26 19.70 52.86 0.027 0.008 0.078 36.67

IRAS 16516-0948 0.33 × 0.20 8.28 0.09 0.27 0.022 0.006 0.005 10.84

IRAS 17138-1017 0.33 × 0.20 7.61 0.68 8.79 0.022 0.03 0.004 47.42
IRAS 17578-0400 0.55 × 0.21 9.66 17.21 23.24 0.022 0.005 0.002 22.17

IRAS 18293-3413 0.60 × 0.17 11.64 0.83 25.30 0.027 0.001 0.039 101.27

NGC 6926 0.25 × 0.19 7.26 3.99 6.00 · · · · · · · · · · · ·

The angular resolution for the near-IR images is between 0.07′′ (diffraction-limited FWHM at K-band) and 0.10′′. ESO 440-IG058 was
observed with GeMS/GSAOI, NGC 6240 and IRAS 18293-3413 with NACO, and the remaining sources with ALTAIR/NIRI. Integrated

fluxes are quoted above 5σ.

flux density for each image. To compare these images with
our near-IR data, we converted the flux density units from
Jy beam−1 to Jy px−1.

Although our data were taken in a single band, the
large bandwidth (2 GHz) VLA X-band receivers allowed us
to estimate the spectral index, α (Sν ∝ να), through this
radio band. To this end, we imaged our sources using mul-
tiscale multifrequency synthesis (mode = mfs within CASA;
see Rau & Cornwell 2011), which models the wide-band sky
brightness as a linear combination of Gaussian-like functions
whose amplitudes follow a Taylor-polynomial in frequency.
The task performs a Taylor expansion to the second order

(nterms = 2) of the function:

Isky
ν = Isky

ν0

(
ν

ν0

)α
, (3)

where Isky is the multiscale image, ν0 is the reference fre-
quency (in our case ν0 = 8.459 GHz), and α is the spectral
index.

The two output images are the first two coefficients of
the expansion, i.e.:

I0 = Iν0 I1 = Iν0α. (4)

We then obtained the radio spectral index map of each
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source by simply using the ratio I1/I0. These maps are dis-
cussed in section 4.4.

3.2 Near-IR data

We used ALTAIR/NIRI and GeMS/GSAOI on the Gem-
ini North and South telescopes, respectively (PI: S. Ry-
der), and NACO on the VLT (PIs: S. Mattila) to ob-
tain near-IR K-band (2.2 µm) laser guide star adaptive op-
tics (AO) images. These instruments have a pixel scale of
0.022′′ px−1 (ALTAIR/NIRI), 0.02′′ px−1 (GeMS/GSAOI),
and 0.027′′ px−1 (NACO, with camera S27). IRAS 18293-
3413 and NGC 6240 were observed using NACO, ESO 440-
IG058 using GeMS/GSAOI, and the remaining targets were
observed with ALTAIR/NIRI. Data from ALTAIR/NIRI
come from a multi-epoch survey intended for the detection
and study of nuclear core-collapse supernovae (CCSNe). The
ALTAIR/NIRI images used in this paper are a combina-
tion of data from 2008 to 2012. NACO observations were
performed on 13 September 2004 (IRAS 18293-3414) and
31 May 2011 (NGC 6240), and GeMS/GSAOI observations
for ESO 440-IG058 were performed on 05 March 2015. The
total integration time spans from 990 s (for NGC 6240) to
2192 s (for NGC 3690W). No near-IR data are available for
NGC 6926. Spatial resolution was typically ' 0.1′′ in the AO
corrected images.

We reduced the near-IR data using standard IRAF -
based tasks, including flat-fielding and sky subtraction,
and created the final images by average-combining indi-
vidual frames from different epochs after having shifted
them to a common reference. A detailed description of the
reduction process of the ALTAIR/NIRI and NACO/VLT
data is presented in Randriamanakoto et al. (2013b), while
GeMS/GSAOI data are part of the SUNBIRD survey (Kool
et al. 2016, in prep.). In multi-epoch data, we found no ev-
idence of variability among the different individual epochs
above 2-σ.

3.3 Astrometry calibration and image convolution

Since the Field of View (FOV) of the near-IR images was
small (between 22 and 54 arcsec on a side), we first cali-
brated larger FOV archival data from NOT or HST/ACS
using stars from Guide Star Catalogue-2 or 2MASS KS-band
catalogue. We then added the WCS information in the FITS
header of our targets using these intermediate images (see
Randriamanakoto et al. 2013b, for details). We estimate the
astrometry calibration uncertainty to be ' 0.15′′.

Given the significantly different resolution of the radio
and near-IR images (see Table 2), we convolved the near-IR
images with a Gaussian with the size of the radio beam for
each case, and then rebinned the near-IR images to the pixel
size used in our radio images (0.04′′).

4 RESULTS AND DISCUSSION

4.1 SED modeling

There is a wide variety of methods, based on data at dif-
ferent wavelengths, to determine the starburst and AGN
properties of galaxies. These are not always consistent and

often depend on the individual environment and star form-
ing history of each galaxy. A more reliable method is to
take advantage of multi-wavelength observations and fit the
SED to combined templates of starbursts and AGN to de-
rive the relevant parameters (AGN contribution, starburst
age, star formation rate and supernova rate). In this section,
we obtain these parameters and compare them with those
obtained with traditional tracers.

We modeled the multi-wavelength SED for the sources
in our sample. To this end, we combined libraries of star-
burst models (Efstathiou et al. 2000; Efstathiou & Sieben-
morgen 2009), AGN torus models (Efstathiou & Rowan-
Robinson 1995; Efstathiou et al. 2013) and models of the
spheroidal/cirrus component (Efstathiou et al., in prep.).
The latter is based on cirrus models by Efstathiou & Rowan-
Robinson (2003) that rely on calculations of the radiative
transfer problem in a medium where dust and stars are
mixed in a spheroidal distribution. We used a Markov Chain
Monte Carlo (MCMC) fitting code (SATMC; Johnson et al.
2013) to obtain realistic uncertainties on the fitted parame-
ters. SATMC is based on Bayesian statistics, resulting in
more reliable results and error determination than tradi-
tional least-square fitting. For details on the SATMC fitting
process, we refer the reader to Johnson et al. (2013).

The SFR of the starburst and its errors were derived
self-consistently from the radiative transfer models which in-
corporate the stellar population synthesis model of Bruzual
& Charlot (1993, 2003). The libraries for a Salpeter initial
mass function (IMF), solar metallicity and stars in the range
0.1–125 M� were used. The models of Efstathiou et al. pre-
dict the SED of a starburst at different ages t∗ assuming the
star formation rate declines exponentially with an e-folding
time τ. From the SATMC fit we know both the best fit val-
ues of t∗ and τ and their 1σ uncertainties. Additionally, we
know the fitted starburst luminosity LSB and the associated
uncertainties. The combination of LSB, t∗, τ and the tables
of Bruzual & Charlot (1993, 2003) uniquely determined the
total mass of stars formed in the starburst episode for each
combination. The stellar mass is divided by 50 Myr to give
the mean SFR that we provide.

We obtained the SED data points from public data
through the VizieR photometry tool, which included near- to
far-IR photometry (2MASS, IRAC, WISE, AKARI, IRAS),
as well as UV (GALEX), optical (SDSS), and (sub-)mm
(SCUBA) data for some of the sources (see photometric data
points in Figure 5). All the photometric data we are using
refer to the whole galaxy, either because the PSF was big
enough (far-IR data) or because we used integrated fluxes.
In addition, we included the Spitzer IRS spectra when avail-
able. For these, and to minimize aperture effects, we scaled
up their fluxes in such a way that the edges of each spectrum
match the flux of the adjacent photometric data points. The
spectral resolution of the IRS data is reduced so that they
are better matched to the resolution of the radiative transfer
models. The IRS data included in the fitting with SATMC
have a wavelength grid which is separated in steps of 0.05
in the log of rest wavelength. We additionally added more
points around the 9.7µm silicate feature and the PAH fea-
tures. There was no spectrum available for CGCG049-057,
and we did not use IRS data for the fitting of Arp299 either,
since we are fitting both components together.

We show in Table 3 the best fit parameters, and in Fig-
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ure 5 show the fitted SED for ten sources. The CCSN rates
are estimated by convolving the SN rate at a given time
with the star formation history of the starburst (see details
in Mattila et al. 2012). For consistency we modeled Arp 299
(NGC 3690E + NGC 3690W) as a unique galaxy but we note
that a similar, yet not as complete model was published
in Mattila et al. (2012) for the individual components. We
note a discrepancy in the SB ages of NGC 3690E (45 Myr)
and NGC 3690W (55 Myr) obtained by Mattila et al. (2012)
and those derived here and also in the modeling by Alonso-
Herrero et al. (2000) using the evolutionary synthesis mod-
els by Rieke et al. (1993) and Engelbracht et al. (1996),
which yield significantly lower ages (6−8 Myr and 4.5−7 Myr
for NGC 3690E and NGC 3690W, respectively). However, we
find the models not comparable since they are considering
different IMF, different star formation history, and, specially,
different apertures: the whole system in this study, versus
each component in Mattila et al. (2012) or the innermost
< 5 arcsec region in Alonso-Herrero et al. (2000) We also
note that the higher SFRs quoted in Mattila et al. (2012)
were averaged over the whole duration of the starburst, while
in this study we are averaging it over 50 Myr. Nonetheless,
the SN rate between both studies are compatible.

Our modeling allowed us to quantify the luminosity
contribution of each component: the starburst, the AGN,
and the spheroid, i.e., the underlying host galaxy stellar
population minus the current starburst. We find that the
SED of all sources in our sample is starburst-dominated
except for NGC 6926 (AGN contribution of ' 64%), with
two additional sources having a significant AGN contribu-
tion (& 20%). Of the seven sources with an X-ray classifica-
tion (see Table 1), four of them are catalogued as AGN:
NGC 6926 and NGC 6240 show an important AGN con-
tribution in our analysis, although Arp299 and IC883 do
not. However, we note that these two sources are known to
host an AGN. We also derive star formation rates (40 to
167 M� yr−1), supernova rates (0.3 to 2.0 SN yr−1), and star-
burst ages (23 to 55 Myr) that are consistent with their LIRG
nature, with the exception of NGC 6926, a young starburst
(9 Myr) where supernova events have not yet been triggered.
The oldest starburst of our sample corresponds to MCG+08-
11-002 at ' 29 Myr, while the youngest one is NGC 6926 at
just ' 9 Myr.

Three of our sources show a remarkably high CCSN
rate (which depends on both SFR and age) above
1.5 SN yr−1: IRAS 18293-3413, with 1.97 SN yr−1, NGC 6240
with 1.80 SN yr−1, and IC 883 with 1.78 SN yr−1, the latter
consistent with previous studies (νCCSN = 1.1+1.3

−0.6, Romero-
Cañizales et al. 2012b). The extreme CCSN rate and SFR
of IRAS 18293-3413, together with the controversy on its
merger stage and its extremely steep spectrum (α = −1.73±
0.70, see section 4.4), turns it into an interesting case, likely
hosting a very rich starburst. This is supported by the detec-
tion of hundreds of super star clusters (SSCs) in the field of
IRAS 18293-3413 (Randriamanakoto et al. 2013b). We note
however, the lower SN rate derived with a previous simpler
model (1 SN yr−1; Mattila et al. 2007a). By contrast, our fit
for NGC 6926 is modeled by such a young starburst (9 Myr)
that no SN event has yet been observed from its current star
formation episode. The ratio of the SB luminosity to LIR
from Table 1 (Sanders et al. 2003) is only 5% for NGC 6926,

in agreement with the above, while it ranges between 42 and
89% for the rest of the sources.

In the following sections we compare the results from
our SED models described above with other proxies and in-
dicators of both SFR and AGN.

4.1.1 Comparison with SFR indicators

Table 3 quotes the SFR obtained from the multi-wavelength
SED fit of our sources, averaged over the past 50 Myr. How-
ever, there is a large number of methods to indirectly esti-
mate SFR in galaxies. From these prescriptions, only those
that are not strongly affected by extinction (such as IR and
radio tracers) are of real use in the dusty environments of
LIRGs. In Figure 6 we show a comparison between our SED
modeling and three of these methods, described below:

(i) The outcome of massive stars heating the interstel-
lar dust is an intense infrared flux re-emitted by the dust
through black-body radiation. The following relation (Ken-
nicutt 1998) is used to connect the infrared luminosity with
the star formation rate in case of star formation < 100 Myr of
age, which is satisfied in the cases we present in this paper:

SFR = 4.5 × 10−44LIR, (5)

with SFR in M� yr−1 and LIR, measured between 8 and
1000 µm, in erg s−1, where we use the values quoted in Ta-
ble 1.

(ii) There is a tight correlation between the IR and radio
luminosities (see section 1). Thus, radio luminosity is ex-
pected to trace SFR in a similar way as LIR does. A common
prescription used to derive SFR from radio data (typically
NVSS) is given by Murphy et al. (2011), and adapting it for
a Salpeter IMF (as for the rest of the SFR indicators), we
have:

SFR = 1.02 × 10−28L1.4 GHz, (6)

where SFR is given in M� yr−1 and L1.4 GHz in erg s−1 Hz−1,
obtained from NVSS (Condon et al. 1998). The luminosity
at this frequency is essentially due to non-thermal emission.

(iii) Randriamanakoto et al. (2013a) established a rela-
tion between the near-IR K-band magnitude of the brightest
SSC in a galaxy and its global SFR. For the local Universe,
this relation can be expressed as:

Mbrightest
k

= −2.56 log (SFR) − 13.39. (7)

The range between highest and lowest estimates of SFR
(i.e. SFRmax − SFRmin) of the different tracers shown in Fig-
ure 6 is approximately similar, with a median scatter of
78.1 M� yr−1, with only one source, NGC 6240, deviating be-
yond the standard deviation, for which the SFR derivation
through its radio luminosity is highly overestimated. The ra-
dio luminosity tracer is indeed known to over-estimate the
SFR in the presence of strong AGN activity (Del Moro et al.
2013; Bonzini et al. 2015), which is also supported by the
large SFR derived from the radio luminosity in NGC 6926,
with an AGN contribution of ' 64%. In this sense, Figure 7
shows the absolute and relative scatter of the SFR determi-
nation with respect to the relative AGN contribution. We
suggest the existence of a weak trend, where more AGN
dominated sources present a larger scatter in the SFR de-
termination from different proxies.
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ESO 440-IG058

CGCG 049-057 IRAS 16516-0948

NGC 6926

IRAS 17138-1017NGC 6240

IC 883MCG+08-11-002 Arp 299

IRAS 17578-0400 IRAS 18293-3413

Figure 5. Best SED fitting model for all the sources in our sample. Black data points correspond to fitted data points (IRS spec-

tral data are not plotted at their full resolution for the sake of clarity). The lines correspond to the starburst contribution (dotted
red), the AGN torus (dotted blue), and the spheroidal/cirrus component (dash-dotted orange). The solid black lines show the total

(starburst+AGN+spheroidal/cirrus) fit. See main text for details.

For the case of NGC 6240, Gallimore & Beswick (2004)
reported that no compact sources were detected with the
VLBA at 8.4 GHz, with a 1σ upper-limit of 130 µJy/beam,
which might lead us to think that the AGN contamina-
tion is not a satisfactory explanation for the overestimated
value of the radio SFR. However, the radio AGN emis-
sion has both compact and diffuse origin, and the large
difference in angular resolution between the VLA and the
VLBA can account for this apparent discrepancy. To test
this, we fitted the 8.4 GHz VLA emission from each nucleus
to single Gaussian components, finding peak flux densities
of 9.1 mJy/beam and 19.0 mJy/beam for the northern and
southern components, respectively, out of a total emission of
53 mJy (see Table 2). Given the angular resolutions of the
VLA (0.27×0.20 arcsec2) and the VLBA (2.8×1.1 mas2) ob-
servations, and assuming for simplicity that the total nuclear
VLA emission (28.1 mJy) is uniformly distributed, we would
need an extreme VLBA sensitivity of ∼ 0.32 µJy/beam to de-
tect the diffuse emission at 5σ. In summary, the radio AGN
contamination is compatible with the available observations.

4.1.2 Comparison with AGN indicators

There are a number of AGN indicators in the mid-IR. In
particular, we focused on the comparison between our SED
modeling with three of these indicators: (i) the 6.2 µm poly-
cyclic aromatic hydrocarbon (PAH) equivalent width (EW);
(ii) the 14.3 µm [Nev] over 12.8 µm [Ne ii] line ratio; and (iii)
the 25.9 µm [O iv] over 12.8 µm [Ne ii] line ratio.

Several authors have used the PAH features to estimate
star formation rates (e.g. Farrah et al. 2007; Shipley et al.
2016). However, in terms of equivalent width, a lower PAH
EW is found in AGN galaxies, either because PAH molecules
are destroyed by the AGN radiation field (e.g. Voit 1992;
Sales et al. 2010) or due to an increased AGN continuum
contribution (Alonso-Herrero et al. 2014). Several PAH line
EWs can be used to estimate the presence and contribution
of AGNs. In particular, the feature at 6.2 µm has the advan-
tage of not being blended with other PAH features and is less
affected by silicate absorption (Stierwalt et al. 2013). Pure
SB galaxies have 6.2 µm PAH EW values between 0.5 and
0.7 µm (Brandl et al. 2006), while smaller values are usually
indicative of an excess of hot dust due to the presence of an
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Table 3. SED model fitting parameters.

Name Lsph LSB LAGN AGN contribution SFRmean AgeSB νCCSN

(1010L�) (1010L�) (1010L�) (%) (M� yr−1) (Myr) (SN yr−1)

(1) (2) (3) (4) (5) (6) (7)

MCG+08-11-002 2.36+1.26
−1.00 21.52+0.64

−0.58 2.86+5.99
−1.72 10.7+16.5

−6.1 97.2+2.3
−6.2 29.1+0.4

−0.8 1.07+0.02
−0.05

Arp 299 15.31+1.80
−2.83 63.28+0.96

−1.85 0.06+0.45
−0.05 0.1+0.6

−0.1 86.1+7.4
−18.4 12.6+2.6

−3.1 1.45+0.10
−0.22

ESO 440-IG058 6.38+1.39
−2.22 9.65+2.02

−1.25 1.78+1.89
−1.46 10.0+8.9

−8.1 48.3+11.1
−8.0 27.9+1.6

−3.4 0.51+0.11
−0.06

IC 883 3.57+7.93
−0.65 37.02+1.10

−1.63 2.31+1.21
−0.69 5.4+2.6

−1.5 157.6+8.6
−8.7 28.6+0.8

−1.8 1.78+0.07
−0.07

CGCG 049-057 0.88+0.57
−0.22 11.21+0.13

−0.35 0.31+0.30
−0.24 2.5+2.3

−1.9 43.0+4.5
−10.8 24.8+1.0

−5.0 0.52+0.03
−0.11

NGC 6240 21.13+7.70
−4.20 33.93+2.86

−8.03 28.75+11.97
−5.74 34.3+8.2

−4.5 166.2+22.6
−64.7 27.6+1.2

−3.7 1.80+0.18
−0.54

IRAS 16516-0948 5.55+2.82
−0.89 7.84+0.78

−2.89 1.35+1.12
−1.35 9.2+7.0

−9.2 40.3+2.1
−18.8 28.5+0.3

−4.1 0.42+0.02
−0.17

IRAS 17138-1017 < 0.05 16.45+0.87
−0.87 4.54+2.67

−1.27 21.6+9.7
−5.3 58.8+2.3

−3.2 23.0+1.3
−2.0 0.75+0.01

−0.04
IRAS 17578-0400 1.52+0.38

−0.49 14.84+0.42
−0.24 0.46+0.42

−0.24 2.7+2.4
−1.4 73.8+5.4

−6.5 27.7+1.8
−1.5 0.79+0.04

−0.05
IRAS 18293-3413 5.44+3.34

−2.18 45.62+0.86
−1.88 0.02+0.11

−0.01 < 0.2 167.1+11.8
−14.4 27.5+2.0

−0.5 1.97+0.07
−0.17

NGC 6926 12.41+2.42
−1.73 0.01+0.8

−0.01 21.67+6.41
−10.80 63.6+7.1

−19.5 < 0.5 9.1+5.2
−8.1 < 0.01

(1) Source name; (2) Bolometric luminosity of the spheroid; (3) Starburst luminosity; (4) AGN luminosity (anisotropy corrected; see

Efstathiou 2006); (5) Percentage of AGN luminosity with respect to total luminosity; (6) Star formation rate, averaged over the past
50 My; (7) SB age; (8) Core-collapse supernova rate.

† NGC 3690W and NGC 3690E were modeled by Mattila et al. (2012). The starburst parameters from their SED modeling are quoted

in the table.
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Figure 6. Star formation rate SED models (blue circle) com-

pared with three extinction-free prescriptions, based on the IR
luminosity (Kennicutt 1998, red squares), the radio luminosity

(Murphy et al. 2011, green triangles), and the magnitude of the

brightest super star cluster in the galaxy (Randriamanakoto et al.
2013a, yellow diamonds). The blue shaded area simply indicates

the range between the lowest and the highest estimate for visual
guidance. See main text for details.

AGN (e.g., Genzel et al. 1998; Sturm et al. 2000; Wu et al.
2009).

High-ionization lines in the mid-IR (e.g., [Ne ii], [Ne iii],
[Nev], [O iv]) are also often used as tracers of AGN activity
(e.g., Genzel et al. 1998; Armus et al. 2007; Pereira-Santaella
et al. 2010; Dixon & Joseph 2011), although some of these
lines can be produced, with lower luminosities, in supernova
remnants (Oliva et al. 1999).

We obtained the 6.2 µm PAH EW value for our sample
from Stierwalt et al. (2013), while mid-IR line fluxes were
taken from Inami et al. (2013). Table 4 shows these mid-IR
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IRAS18293-3413

NGC6926

Figure 7. SFR scatter as a function of AGN contribution for

each galaxy. Top panel shows the absolute scatter, given by
SFRmax−SFRmin, while bottom panel shows the relative scatter,
obtained through (SFRmax−SFRmin)/SFRmedian.

indicators for our sample, where 1σ upper limits are quoted
for non-detections.

We have plotted these indicators together in Fig. 8 and
Fig. 9, as done before by other authors (Armus et al. 2007;
Petric et al. 2011; Vardoulaki et al. 2014). In those figures
we have plotted the sources from our sample, together with
two comparative samples: one for AGN dominated systems
(Weedman et al. 2005), and the other formed by SB domi-
nated galaxies (Brandl et al. 2006).

Two of the galaxies in our sample (NGC 3690W and
NGC 6926) clearly diverge from the rest of the SB domi-
nated galaxies in the [Nev] / [Ne ii] vs PAH EW diagram
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Table 4. Mid-IR AGN properties.

Name 6.2 µm PAH EW 12.8 µm [Ne ii] 14.3 µm [Nev] 25.9 µm [O iv] L
[Ne v]
AGN LAGN

(µm) (10−17 W m−2) (10−17 W m−2) (10−17 W m−2) (1010 L�) (1010L�)

MCG+08-11-002 0.56 ± 0.01 67.3 ± 0.6 < 2.5 1.7 ± 0.4 < 3.3 2.36+1.26
−1.00

NGC 3690W 0.12 ± 0.02 103.8 ± 2.7 < 11.6 28.9 ± 3.8 < 5.7 –

NGC 3690E 0.38 ± 0.03 237.4 ± 2.7 < 14.0 16.1 ± 14.3 < 6.6 –

ESO 440-IG058 0.66 ± 0.01 48.9 ± 0.4 < 2.9 1.3 ± 0.5 < 6.0 1.78+1.89
−1.46

IC 883 0.62 ± 0.01 117.6 ± 1.0 1.6 ± 0.1 6.9 ± 1.4 9.9 2.31+1.21
−0.69

CGCG 049-057 0.51 ± 0.04 7.3 ± 0.2 < 0.4 < 0.6 < 0.3 0.31+0.30
−0.24

NGC 6240 0.35 ± 0.01 177.1 ± 0.6 3.4 ± 0.2 22.1 ± 2.8 21.6 28.75+11.97
−5.74

IRAS 16516-0948 0.69 ± 0.01 27.4 ± 0.3 < 0.8 1.2 ± 0.3 < 1.8 1.35+1.12
−1.35

IRAS 17138-1017 0.68 ± 0.01 92.2 ± 1.4 < 3.0 < 23.7 < 3.9 4.54+2.67
−1.27

IRAS 17578-0400 0.68 ± 0.01 46.1 ± 0.7 < 3.2 < 8.7 < 2.4 0.46+0.42
−0.24

IRAS 18293-3413 0.63 ± 0.01 303.5 ± 2.3 < 8.2 7.4 ± 1.0 < 10.2 0.02+0.11
−0.01

NGC 6926 0.37 ± 0.01 7.3 ± 0.1 1.3 ± 0.1 4.6 ± 0.2 5.7 21.67+6.41
−10.80

The PAH equivalent widths at 6.2 µm were obtained from Stierwalt et al. (2013), while the line fluxes come from Inami et al. (2013).

We quote 3σ upper limits for non-detections. The AGN bolometric luminosity obtained from the [Nev] flux (L
[Ne v]
AGN ) is derived from

equation 8. The last column is our SED-derived AGN luminosity (same as in Table 3), for comparison purposes.

NGC6926

NGC3690W
NGC3690E

NGC6240

AGN

SB

Figure 8. [Nev]/[Ne ii] against 6.2 µm PAH EW. Our sample is

plotted with blue squares. For comparison, we have also plotted a
sample of AGN dominated galaxies (red triangles; from Weedman

et al. 2005), and a sample of SB dominated sources (green circles;

from Brandl et al. 2006).

and two more (NGC 6240 and NGC 3690E) show a slight
shift (see Fig. 8), which is more clear in the [O iv] / [Ne ii] vs
PAH EW diagram shown in Fig. 9. The results shown by the
mid-IR diagnostics are in a relatively good agreement with
our model fits. In particular, NGC 6926 and NGC 6240 have
a very important AGN contribution, although we would also
expect IRAS 17138-1017 to deviate from the SB-dominated
loci in both diagnostic plots. With respect to NGC 3690W,
Mattila et al. (2012) modeled its SED and found an impor-
tant AGN contribution, compatible with the mid-IR diag-
nostics and previous observations (e.g., Ballo et al. 2004).

A more quantitative comparison can be made by means
of the [Nev] luminosity, L[Ne v]. Satyapal et al. (2007) pro-
posed that L[Ne v] is related to the AGN bolometric luminos-
ity through:

log L[Ne v]
AGN = 0.938 log L[Ne v] + 6.317, (8)

NGC6926
NGC3690W

NGC3690E

NGC6240
AGN

SB

Figure 9. [O iv]/[Ne ii] against 6.2 µm PAH EW. Color codes and

samples are the same as in Fig. 8. [O iv] is detected in a larger

number of sources, despite having a lower ionization potential
than [Nev].

with luminosities measured in erg s−1. Using the [Nev] fluxes
from Inami et al. (2013), we derived the luminosities quoted
in Table 4. We find that the three sources with a [Nev]
detection (IC 883, NGC 6240, and NGC 6926) do not follow
the above correlation according to our SED-model derived
AGN luminosities, albeit NGC 6240 is compatible within 2σ.
For the remaining sources, there are only upper limits avail-
able which, although compatible with the correlation, do
not give much information. The relation between [Nev] and
AGN luminosity arises from the high energetic environment
(' 97 eV) needed to produce Ne4+ (Abel & Satyapal 2008),
typically found around AGN. Nonetheless, these energies
can also be reached in young and extreme stellar popula-
tions (Kewley et al. 2001), contaminating this diagnostic
tool.
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4.2 Radio and near-IR comparison

There is a well-known tight correlation between the total IR
luminosity, LIR, and the radio luminosity at 1.4 GHz, span-
ning 5 orders of magnitude, as shown in Figure 2. In particu-
lar, from the sources in our sample, NGC 6240 is the galaxy
with the strongest radio emission and the one that diverges
more significantly from the trend. It is also the only source
from our sample known to host a dual AGN, in agreement
with the overestimated value in the SFR derived from the
radio luminosity in section 4.1.1.

The near-IR band, although presenting an overall cor-
relation with radio emission (except for some remarkable
cases discussed in this section), traces different processes.
Red supergiants, used as indicators of young stellar popula-
tions (' 10 Myr), radiate most of their energy in the near-IR
(Oliva et al. 1995). Near-IR also includes an important con-
tribution from thermally pulsating asymptotic giant branch
(TP-AGB) stars, with young to intermediate populations,
up to 2 Gyr (Maraston 1998). This range of the spectrum can
be used to effectively trace star formation in galaxies where
the relatively high extinction hinders their study in the op-
tical (e.g., Dametto et al. 2014). This makes near-IR a good
spectral window in which to study (super) star clusters (e.g.,
Dı́az-Santos et al. 2007; Randriamanakoto et al. 2013b). On
the other hand, the radio emission at 3.6 cm is dominated
by two mechanisms: radio thermal emission (tracing current
star formation) and non-thermal synchrotron emission (trac-
ing emission from SNe and SN remnants, i.e., older popula-
tions). This explains the general correlation between radio
and near-IR, but at the same time, makes the interpretation
of the ratio images problematic. In this sense, we find that
it is not possible to use the ratios as age maps, unless we are
able to, at least, disentangle the thermal and non-thermal
radio emission (Tabatabaei et al. 2007; Basu & Roy 2013;
Herrero-Illana et al. 2014). Furthermore, although near-IR
can efficiently penetrate through dust, very dust obscured
regions can hinder even near-IR emission, adding an uncer-
tainty to the age interpretation.

Figure 4 shows both our radio 3.6 cm and near-IR
2.2 µm sub-arcsec resolution images, as well as the flux den-
sity ratio between them (reddish for radio dominated re-
gions; blueish for near-IR dominated ones; white implies
a flux density ratio of unity). Any pixel that is not above
three times the corresponding rms at both 3.6 cm and 2.2 µm
is masked out in the ratio maps. For a direct comparison
between the radio and the original non-smoothed near-IR
images we refer the reader to Figure A1. We find radio
emission to be generally more concentrated in compact nu-
clear regions. Still, there is not a common trend in all the
sources. Indeed, three LIRGs in our sample are completely
radio-dominated in their common emission region: IC 883,
CGCG 049-057, and IRAS 16516-0948, although near-IR ex-
tends further than the radio emission in the latter source.

In the remaining sources, radio and near-IR emission
dominate in different regions. We remark, however, the radio
silence of bright near-IR knots in three sources: ESO 440-
IG058, IRAS 18293-3413, and specially IRAS 16516-0948,
which will be discussed in Section 4.3. The northern source
detected in IRAS 17578-0400 is not in this list, as it is a field
star, which does not look like a compact Gaussian emis-
sion due to the image convolution with the radio beam. By

contrast, IRAS 18293-3413 has an important compact radio
emission ' 18′′ to the east of the main component that does
not show a near-IR counterpart.

A particularly interesting case is NGC 3690W (the west-
ern component of Arp 299). Its different knots show com-
pletely different behaviors regarding their radio and near-IR
correlation. While the near-IR dominates the emission of
the southern nucleus (designated B in the literature Gehrz
et al. 1983), the northwest component (designated C) has a
comparable emission, and the northeast component (C′) is
very faint at 2.2 µm. This near-IR faintness was discussed by
Alonso-Herrero et al. (2000), whose starburst models predict
a persistence of the emission at 2 µm after their assumed
Gaussian burst with a FWHM of 5 Myr. They concluded
then that the star formation episode must have been shorter
in C′. Indeed, Leitherer & Heckman (1995) models nicely
fit an instantaneous burst, which yields a mass of the SB
episode of 3 × 107M�, with an age of 4 Myr, supporting this
idea.

Another interesting case is NGC 6240. The nature of
the two main compact structures is well determined as a
dual AGN (Komossa et al. 2003; Gallimore & Beswick 2004;
Risaliti et al. 2006). The nature of the fainter northwest ra-
dio component, however, is not so clear. This component was
first reported by Colbert et al. (1994) at 3.6 cm, estimating
its LIR to be ' 2× 1010L�. They suggested that, considering
its steep spectral index (α = −1.1), it could be a clump of
ejected electrons (a superwind; Heckman et al. 1993), pos-
sibly ejected from a powerful starburst in the nearby com-
pact bright region. Beswick et al. (2001) found a consistent
1.4 GHz structure using MERLIN (FWHM: 0.31′′ × 0.15′′),
but did not detect the source at 5.0 GHz with the same in-
strument (FWHM: 0.10′′ × 0.06′′), due to the steep spectral
index and the limited sensitivity at 5.0 GHz to detect the
diffuse emission. The peak reported by Colbert et al. (1994)
for this relatively faint peak is 1.10 mJy/beam, in agree-
ment with our deeper VLA image (1.06 ± 0.23 mJy/beam;
see Fig. 4).

Finally, we did not find any correlation between the
radio and near-IR total luminosities, nor between the radio
to near-IR ratio maps and the position of the known SSCs
in these galaxies (Randriamanakoto et al. 2013b).

4.3 An off-nuclear star forming region in
IRAS 16516-0948

Figure 4 shows an unexpected lack of correlation between
the studied bands for IRAS 16516-0948. Figure 10 shows
our near-IR and radio data contours overplotted on archival
Spitzer images of IRAS 16516-0948. It is clear from the fig-
ure that at increasing wavelength the infrared peak is shift-
ing its position towards the west. The surroundings of this
galaxy present enough compact sources to ensure unequivo-
cal relative astrometry. The shift in the peak of the 8.0 µm
with respect to the 3.6 µm peak is ' 5′′. The radio contours
correlate well with the peak at 8.0 µm.

The case of IRAS 16516-0948 is rare, but not unique
among (U)LIRGs: a clear example is the merger II Zw 096
(log(LIR/L�) = 11.94), where 80% of its total IR luminosity
comes from a compact optical-invisible source ' 5′′ away
from the optical peak (see Fig. 2 in Inami et al. 2010),
and can have a SFR density up to 780M� yr−1 kpc−2. As
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3.6 μm 8.0 μm 24 μm

1 kpc

Figure 10. Near-IR and radio contours of IRAS 16516-0948 overplotted on Spitzer images. Left: IRAC 3.6µm. Middle: IRAC 8.0µm.

Right: MIPS 24µm. We have overplotted our near-IR K-band (blue) and radio X-band (red) contours. North is up, east is left. Note how
the peak IR emission clearly shifts to the west as wavelength increases.

in IRAS 16516-0948, radio emission from II Zw 096 correlates
well with the MIPS peak, suggesting that, in the region with
the strongest mid-IR and radio emission, intense star forma-
tion is occurring. Another interesting case is IRAS 19115-
2124, or The Bird, the starburst of which is dominated by
an off-nucleus minor component of the interaction (Väisänen
et al. 2008a, Väisänen et al., in prep.).

Haan et al. (2011) suggested an explanation for this
phenomenon: these galaxies are possibly not yet relaxed
with off-nuclear starburst and/or strong shocks, with the
off-nuclear emission being associated with spiral arms, a pos-
sible secondary nucleus or the region between the merging
nuclei. The sample by Haan et al. (2011) contains 73 LIRGs
from the GOALS sample, and finds off-nuclear mid-IR emis-
sion in six of them (' 9.5%). A single case in our sample of
11 LIRGs agrees with this proportion.

4.4 Radio spectral behavior

Figure 11 shows the spectral index maps of the sources. The
most prominent characteristic is the patchy spatial distri-
bution of α. This has been reported in the literature (e.g.,
in NGC 1596; see Lisenfeld et al. 2004), and the most likely
explanation is that the patches show regions with different
ages, therefore the thermal and non-thermal radio emission
peaks are not spatially coincident, producing the observed
distribution. The regions with the steepest spectrum are
dominated by old radio emitters, while those with flatter
spectrum correspond to regions with ongoing activity asso-
ciated with recently exploded supernovae and/or AGN ac-
tivity.

Table 5 quotes the average spectral indices, masked be-
low 10×rms in the total intensity images to ensure robustness
in the spectral index calculation. We note that the signal-
to-noise ratio of the radio image of IRAS 16516-0948 is not
good enough to create a reliable spectral index map, since
only a few pixels are above the quoted 10 × rms threshold.

We do not find a correlation between the spectral index
maps and the emission ratios shown in Figure 4. The median
spectral index of our sample is -0.78, consistent with the
values derived for star-forming galaxies at L- (' 18 cm) and

C-bands(' 6 cm) (Leroy et al. 2011; Basu et al. 2015), with a
single power-law describing the spectral behavior. Thus, we
find no significant flattening due to thermal contribution,
whose emission has a characteristic spectral index of α '
−0.1. We note, however, that this invariance in the spectral
index does not hold for even lower frequencies, where free-
free absorption mechanisms dominate (Clemens et al. 2010).
This has already been shown for the case of Arp220 with
LOFAR observations (Varenius et al. 2016).

We find that, with the exception of NGC 3690W and
IC 883, those sources with a steeper spectral index (α <

−0.8) show extended diffuse emission. Murphy et al. (2013)
studied a sample of 36 compact starbursts finding the same
trend. This can be explained with radio emission arising
from radio continuum bridges and tidal tails, result of the in-
teractions, which do not have a direct stellar origin; instead,
its emission is due to relativistic electrons cooling down in
those regions and producing the steep spectrum.

The steepest spectral index in our sample corresponds
to IRAS 18293-3413, with α = −1.73. While this source has
the highest SFR from our SED modeling, this is an unex-
pectedly steep α value for a starburst galaxy. Further obser-
vations are needed to obtain its radio spectrum at different
bands, allowing us to disentangle the different components of
the radio emission and, eventually, understanding the origin
of this oddity.

5 SUMMARY AND CONCLUSIONS

We have characterized the star-formation and AGN activity
of a sample of 11 local LIRGs imaged with subarcsecond an-
gular resolution at radio and near-infrared wavelengths. We
have performed a complete SED model fit, using a combina-
tion of starburst and AGN templates, aimed at isolating the
spheroid, starburst and AGN luminosities as well as to derive
the star formation and supernova rates, their age, and their
AGN contribution. We also compare SFR and AGN lumi-
nosities derived using different IR and radio tracers. Finally,
we report new radio (3.6 cm) and near-IR (2.2 µm) data of
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Figure 11. Spectral index maps of our sample. We have masked the maps in any point with a flux density below 10 × rms to ensure the

reliability of the spectral indices. Radio contours have been drawn as in Figure 4. All the plots were made with the same color scale. See

main text for details on how the maps were obtained.

the central kpc region of our LIRG sample. The main results
of our study are the following ones:

(i) From our SED modeling, we determine the luminosity
contribution of each component, and find that all but one of
the sources in our sample are starburst-dominated, with a
significant AGN contribution (& 20%) only in three of them.
Only one source (NGC 6926) is AGN-dominated (64%). We
also derive star formation rates (40 to 167 M� yr−1), super-
nova rates (0.4 to 2.0 SN yr−1), and starburst ages (23 to
29 Myr) that are consistent with their LIRG nature. The
only exception is NGC 6926, the youngest starburst (9 Myr)
of our sample, in which massive stars did not have time to
go off supernovae yet.

(ii) We find an overall consistency among the different (IR
and radio) star formation tracers, with no star formation

tracer under/over estimating systematically the SFR with
respect to others. The only exception is the overestimated
radio-derived SFR in NGC 6240, likely due to the strong
dual AGN influence.

(iii) We also find an overall consistency between the com-
mon tracers of AGN contribution based on the mid-IR high-
ionization line ratios ([Nev] / [Ne ii] and [O iv] / [Ne ii] vs
PAH EW) and our predicted SED model fitted LAGN. How-
ever, the AGN luminosities derived directly from [Nev] are
not fully compatible with our SED-model derived luminosi-
ties, possibly because extreme stellar populations are con-
tributing significantly to the [Nev] emission.

(iv) From our sub-arcsecond imaging at radio (8.4 GHz
VLA) and near-IR (2.2 µm NACO-VLT and ALTAIR-
Gemini) observations, we find that, in general, there is a
good spatial correlation of the radio and the near-IR emis-
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Table 5. Spectral indices.

Name Average α Dispersion

MCG+08-11-002 −1.09 0.58

NGC 3690W −1.01 0.64

NGC 3690E −0.65 0.35
ESO 440-IG058 −0.60 0.36

IC 883 −0.68 0.90

CGCG 049-057 −0.78 0.54
NGC 6240 −0.99 0.76

IRAS 16516-0948 · · · · · ·
IRAS 17138-1017 −0.85 0.80
IRAS 17578-0400 −0.64 0.70

IRAS 18293-3413 −1.73 0.70

NGC 6926 −0.76 1.00

The quoted dispersions correspond to the standard deviation of

the individual (pixel) spectral indices, and are thus a
measurement of the uniformity of the spectral index across the

region.

sion, and that both tend to be more concentrated in the
nuclear regions of the galaxies. The lack of a radio counter-
part for a few conspicuous near-IR features in some sources
points to young starbursts with no supernovae to produce
synchrotron radiation. We note that we clearly identified one
off-nuclear starburst in the late merger IRAS 16516-0948,
which may have been likely triggered by the ongoing merg-
ing process.

(v) We have obtained spectral index maps, showing a
patchy spatial distrubtion. We find an average spectral index
of α ' −0.8 (Sν ∝ να) from our wide-band VLA observations.
This is a typical value for synchrotron-powered LIRGs, and
shows that the contribution of thermal emission to the total
radio emission at 8.4 GHz is very small.
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Väisänen P., Rajpaul V., Zijlstra A. A., Reunanen J., Kotilainen

J., 2012, MNRAS, 420, 2209
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APPENDIX A: NON-SMOOTHED NEAR-IR
IMAGES WITH RADIO CONTOURS

We show in Figure A1 the original non-smoothed near-IR images
with the overlaid contours corresponding to the radio emission.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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Figure A1. 2.2µm non-smoothed near-IR images with overlaid 3.6 cm radio contours. Contours are drawn every 3
(√

3
)n
× rms level, with

n = 0, 1, 2, 3...
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