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High angular resolution radio observations of the circuot@ar and nuclear regions of (Ultra-
)Luminous Infrared Galaxies ((U-)LIRGS) have revealedSome of them (Arp 299A, 1C883,
NGC 7469, between others) the presence of non-thermal airopaponents (Radio Supernovae
and Supernova Remnants, constituting in some of the casgsean®va factory) in coexistence
with a Low Luminosity AGN. These findings may suggest thahisitrrbursts and AGN are fre-
quently associated phenomena in mergers, favouring a csitegGN-starburst scenario. These
findings may have an impact in the evolution of the AGN agtiviiteing relevant for accreting
models in the central regions of galaxies in the presenceasnt bursts of star formation. The
observations we show in this contribution make extensiveaighe European VLBI Network
(EVN), a facility which was created and developped with teeemtial contribution of Richard T.
Schilizzi.
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1. Starburst Galaxies: the case of (U-)LIRGs

Starbursts are intense periods of star formation within a galaxy, with tygimaf@mation
rates of around 10-100 Myr and lifetimes of 16-10° years, short compared with the typical
galaxy lifetime. The presence of a starburst is associated with a violeplysafigas to the central
regions of the galaxy, a process which is usually triggered by mergingmintgeraction between
galaxies.

(Ultra-)Luminous Infrared Galaxies ((U-)LIRGS) are excellent adates for starburst activity
[L3]. The high IR luminosity ¥ 10 L, for LIRGs and> 10'?L, for ULIRGS) is thought to be
caused by dust grains that are heated by the presence of an AGKpwrsttar a combination of
both. Indeed, it is possible to estimate the star formation rate for stars morenass~5 M,
from the Far Infrared Luminosity, assuming that most of the energy in peamitted by young
stars is used for heating the dust. These massive stars dominate the steffealluminosity and
end their lives as supernovae. Therefore, the detection of radioreyae (RSNe) is a useful tool
for the understanding of the physics of star formation, in particular in tis¢ydenvironments of
the central regions of galaxies. The importance of (U-)LIRGs is bas¢keofact that a significant
fraction of the Star Formation at high redshifts takes place in tfi¢m [6]. €Ttver, the detection
of radio supernovae is crucial for revising the Core Collapse SuparRate (CCSN) both locally
and at high redshift.

High resolution radio observations of nearby starburst galaxies Hevensthat its compact
radio structure consists of a compast {50 pc), high surface brightnes, (> 10° K) central
radio source inmersed in a low surface brightness circumnuclear hale.cdmpact, centrally
located radio emission in these starbursts might be generated by a pointeike $AGN), or by
the combined effect of multiple radio supernovae and supernova remioantise other hand, it
seems well established that the circumnuclear region of those objectsnmej@ing burst of star
formation. Radio interferometric observations of Luminous Infrared Geda.IRGS) in our local
Universe are a powerful tool to probe the dominant dust heating mischamtheir nuclear (using
the EVN, VLBA) and circumnuclear (using eMERLIN, EVLA) regions.

2. Some Scientific Cases

In the following, we will discuss different scientific cases that we havdistlin our group,
making extensive use of the EVN and eMERLIN. These sources gaomeso (U-)LIRGs at dif-
ferent stage mergers.

2.1 Arp 299

Arp 299 is an early stage merger at a distance of 45 Mpc and a total luminb6if 010 L,
[L3]. When observed at radio wavelenghts, most of the luminosity is corated in two nuclei:
Arp 299A —which emits 40% of the total luminosity, corresponding to a CCSNafa®de8 SN/yr—
and Arp 299B —which emits 20% of the total luminosity and a CCSN rate of 0.4 SN/yr

We have observed the nuclear region of Arp 299A with the EVN at 6¢cringugix epochs
between April 2008 and November 2010 (Bondi et al.20}2 [2]). WewsimoFig 1, an image
which is the result of the stacking of the 6 epochs of the eEVN images. Iretiteat 150 pc, 26
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compact sources are detected, showing a linear size smaller than 2 paveVeltained the first
5.0 GHz radio light-curve (spanning 2.5 yr) of all compact components indlckear starburst of
Arp 299-A. The properties (spectral index, variability) of all detectbfcts are consistent with
them being a mixed population of CCSNe and SNRs. We have compared o@sinvély previous
observations at 8.4 GHz performed by Neff et al.(200}) [7] and Uldet2a09) [1¥], identifying
8 new components; from those, we find clear evidence for at least twdQ@SNe within our
observing period, implying a lower limit to the CCSN rate<0f0.80 SN/yr, suggesting that the
bulk of the current star formation in Arp 299-A is taking place in the innerndd pc [2].
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Figure 1: EVN image at 5.0 GHz of Arp299-A, obtained by stacking in theage plane six observing
epochs between April 2008 and December 2010. This is theede@page ever of the central 150 pc of
Arp299-A at 5 GHz. The angular resolution is ¥08 mas, at a Position Angle of 25 deg, corresponding to
a linear resolution of about 2 pc. The peak is 9F/beam, and corresponds to the AGN candidate. Image
taken from Bondi et al.(2012]][2].

We have performed quasi-simultaneous dual frequency (5.0 and 1.Y E3HN: observations
of the inner 150 parsec of the nuclear region of Arp 299-A in order ttetstand their naturg TiLO].
We have found that the brightest source of all the compact VLBI ssuthe so called A1, previ-
ously detected at 5.0 GHz and 8.4 GHz, has a flat spectrum between 150aG#iz. Moreover,
our 1.7 GHz EVN image shows that Al displays a core-jet structure, aitiacthe diffuse, low-
surface brightness emission extending westwards from Al towardse®5Hg. 2). Pérez-Torres
et al. (2010)[[70] have shown that the morphology, radio luminosity, tspléadex and ratio of
radio-to-X-ray emission of the A1-A5 region is consistent with a low-lumino&®N (LLAGN).
We concluded that the complex A1-A5 is the long-sought AGN in Arp 29%uggesting that
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Arp 299A has a composite AGN-Starburst nature. We also suggestatehaiesence of an AGN
at a mere distance of 8 parsec from a stellar cluster could explain its low lumisoggesting that
the star formation processes could be hindering the AGN activity.
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Figure 2: Top: 5.0 GHz full EVN image of the central 150 parsec regio\gd 299-A, displaying a large
number of bright, compact, nonthermal emitting sourcesldié and bottom: blow-ups of the inner 8 parsec
of the nuclear region of Arp 299-A, as imaged with the full EMN1.7 and 5.0 GHz. The morphology,
spectral index and luminosity of the A1-A5 region are verggestive of a core-jet structure. Image taken
from Pérez-Torres et aI.(201CE[10].

2.2 NGC 7469

NGC 7469 is a well known barred spiral galaxy located at a distance Bfp&) containing a
luminous Seyfert 1 nucleus surrounded by a dusty starburst of ddqud in size. NGC 7469 is a
very luminous infrared galaxy withg g = 5 x 10tL., were 2/3 of the luminosity is emitted by the
starburst[[p]. Moreover, there is evidence for &NIQ central black hole coming from reverberation
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mapping [B]. In 2000, we detected a new radio supernova, SN 200@it mircumnuclear starburst
of NGC 7469 (see Fig. 1), at a distance of 600 pc from the galaxy nsi(@alina et al.2001[]3]). It
is the first radio supernova ever detected in the circumnuclear ring offarSg, luminous infrared
galaxy. At a distance of 70 Mpc, SN 2000ft is one of the most luminous &tdrd RSNe ever
detected. Although it has exploded in a radiation-dominated and highly magmetiwironment,
it behaves like a normal type-Il radio supernova (Alberdi et al. 2{6Hérez-Torres et al. 2009

[ED-

Figure 3: Total intensity image of NGC 7469 obtained at 8.4 GHZ with YieA in A-configuration,
using allu— v data for epochs 1998 through 2006. This is the deepest 8.4 i@ldge of NGC 7469 ever
produced, with an off-source rms of 1@y beam!. R1, R2 and R3 correspond to star-forming regions
within the circumnuclear starburst of NGC 7469 (linear side~ 1 kpc). SN 2000ft is a CCSNe that
exploded at a distance of 600 pc from the galaxy nucleus,mith circumnuclear starburst. Image taken
from Pérez-Torres et al.(2009] [9].

We have performed quasi-simultaneous EVN observations of the nuefgans of NGC 7469
at 6cm and 18cm (see Fig. 4). The image shows that the NGC 7469 necdlesists of at least
five compact sources located along an east-west line, with no evidenddfése emission or a
jet-like structure connecting the compact sources between them. Theyrdained within an area
of 150 mas (50pc) with a total flux density of 15 mJy (at 18cm) and 10 mJyc(a}.6Some of the
components are unresolved, while others show evidence for subséractd flux/structural time
variability (for example, the westernmost one).
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Figure 4: EVN images of the nuclear region of NGC 7469 (the linear sizetfe overall structure is 650
pc) obtained at 5.0 (colour) and 1.6 GHz (contours).

It is still unclear whether these components are tracing i) the typical costriecture of an
AGN, ii) compact starforming regions where individuals and/or clumpsdibraupernovae are ex-
ploding, or iii) an starburst-AGN composite scenario: on the one han@, oicthe components has
a flat/inverted spectrum (all the nuclear components show steep spédtirealwes between -1 and
-0.3), which favours the interpretation that, at least, some of the compormsits be associated
with young starforming regions —where core-collapse supernovauarently exploding—, and/or
older regions, formed by chains of supernova remnants. We also notalltkize VLBI sources
are within an area of 50 pc, which is also the size of the nuclear starepated by Davies et al.
(2004) [#1; on the other hand, there is evidence for &L0 central black hole from reverberation
mapping [B]. Moreover, the MERLIN and VLBI structures have a size anentation consistent
between them: the MERLIN core-jet structufp [1] suggests that the westst component is the
AGN core; in the VLBI images, the structural and flux-density variabilityggsy also that the core
is located at the western side of the VLBI structure, although this resudsrst# to be confirmed
via multi-epoch multi-frequency observations. Additionally, the supernat@afor NGC 7469 is
a factor of 5 lower than for the archetype ULIRG Arp 220 (based on th&wmred luminosities)
and one would expect radio supernovae to be found in the starbugshdre than in the Seyfert 1
nucleus, which should be coincident with compact AGN emission. Due to theeakasons, we
favour a composite Starburst-AGN scenario for the nuclear region & N459.

2.3 1C 883

IC 883 is a LIRG with an IR luminosity of about 4710 L, at a distance of 100 Mp§T]L3].
This LIRG is an advanced stage member, probably the result of the mdrtyeo disc galaxies
(Smith et al. 1995)[[]4] as suggested by its associated tidal tails.
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We have imaged the circumnuclear and nuclear regions of IC 883 at radjoeihcies with
eMERLIN and the e-EVN, respectively (Romero-Cafiizales et al. (R(f]; see Fig. 5). The
e-MERLIN observations trace a double-sided structure, which is likedgpa@ated with a warped
disc/ring. On the other hand, the nuclear region of IC 883 consists aisttfleur non-thermal com-
ponents: three of these are transient sources within a 100 pc regadraky CCSNe candidates-
and the fourth one is a long-lived, variable compact source, whichydikety an AGN. Thus, we
are facing a situation with starburst and AGN driven activity in the innermaggon of IC883: the
AGN candidate powers the radio emission on both nuclear and circumnsckgas; in addition,
IC 883 displays very active star formation both within the innermost 100 fis aficleus, and the
circumnuclear regions. Romero-Cafiizales et al. (20f[3) [11] have é¢stradower limit to the
CCSN rate in the innermost nuclear regionsd@f.6 SNe/yr based on the detection of three radio
SNe above a luminosity threshold of4l0?’ erg/s/Hz.
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Figure 5: IC 883 contour images at 6.9 GHz obtained with e-MERLIN flaftd at 5 GHz with the e-EVN
(right) performed in March 2011. The rms noise in the two iemg 44 and 6@ Jy/beam, respectively.
Note that the brightest component at e-MERLIN scales is dated by a compact source seen at mas-scales
with the e-EVN. Image taken from Romero-Cafiizales et al 3(L]].

3. Summary

Radio Observations of (U-)LIRGs at the highest angular resolutionsanditivity are ex-
tremely useful to discern starburst from AGN driven activity in the innestmegions. Our obser-
vations could also contribute to determine the core-collapse supernovanchtest the IMF for
massive stars. In order to get meaningful results, high angular resohatitio searches of large
samples —making extensive use of instruments like eMERLIN and the EVNreaaed. One of
the co-authors of this contribution (MAPT) is co-PI of the eMERLIN Leg&roject “LIRGI -
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Luminous Infrared Galaxies Inventory": this project will allow to establigihanomenological se-
guence and timescale for the evolution of nuclear starbursts in a statisticalifjcsigt uniformly
observed sample of (U-)LIRGs in the Local Universe. We have alsn geanted observations with
the EVN for the LIRGI sample, which will provide additional information on tletedmination of
the AGN and Starburst energy contribution in the nuclear regions of EIRG
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