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• A systematic near-IR search for nuclear supernovae in starburst galaxies using the WHT 
• Discovery of an extremely luminous nuclear outburst in the near-IR (2.2µm) in Jan. 2005 
• That time only detected in the IR, in the optical completely obscured by interstellar dust 

Infrared discovery and follow-up 
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• Adaptive Optics (AO) assisted near-IR imaging with 0.1” spatial resolution compared 
with pre-explosion HST imaging 

• The outburst is co-incident with the K-band nucleus within 0.030” (~6 pc), and its 
position stable in 10 epochs of AO observations in 2007 - 2012 

Nuclear location from Adaptive Optics imaging 

pre-outburst (HST) post-outburst (Gemini-N)

K-band (2.2 µm)
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L18 M. A. Pérez-Torres et al.: An extremely prolific supernova factory in the buried nucleus of the starburst galaxy IC 694

region of Arp 299-A (see Fig. 1) is heavily dust-enshrouded,
thus making the detections of SNe very challenging even at near-
infrared wavelengths. Yet, Arp 299 hosts recent and intense star-
forming activity, as indicated by the relatively high frequency of
supernovae discovered at optical and near-infrared wavelengths
in its outer, much less extinguished regions (Forti et al. 1993;
van Buren et al. 1994; Li et al. 1998; Yamaoka et al. 1998; Qiu
et al. 1999; Mattila et al. 2005).

The brightest component at infrared and radio wavelengths is
IC 694 (A in the top panel of Fig. 1; hereafter Arp 299-A), which
accounts for ∼50% of the total infrared luminosity of the sys-
tem (Alonso-Herrero et al. 2000; Charmandaris et al. 2002), and
∼70% of its 5 GHz radio emission (Neff et al. 2004). Numerous
H II regions populate the system near star-forming regions,
which implies that star formation has been occurring at a high
rate for past ∼10 Myr (Alonso-Herrero et al. 2000). Given that
IC 694 accounts for most of the infrared emission in Arp 299,
it is the region that is most likely to contain new SNe (Condon
1992). Since optical and near-infrared observations are likely to
miss a significant fraction of CCSNe in the innermost regions
of Arp 299-A due to high values of extinction (AV ∼ 34−40,
Gallais et al. 2004; Alonso-Herrero et al. 2009) and the lack of
the necessary angular resolution, radio observations of Arp 299-
A at high angular resolution, high sensitivity are the only way of
detecting new CCSNe and measuring directly and independently
of any model its CCSN and star formation rates. Very Long
Baseline Array (VLBA) observations carried out during 2002
and 2003 resulted in the detection of five compact sources (Neff
et al. 2004), one of which (A0) was identified as a young SN.

2. eEVN observations and results

We used the electronic European VLBI Network (e-EVN)
(Szomoru 2006) to image Arp 299-A at a frequency of 5 GHz
over 2 epochs, to directly detect recently exploded core-collapse
supernovae by means of the variability of their compact ra-
dio emission (see Appendix A for a detailed description of
our observing strategy, calibration and imaging procedures,
and source detection and techniques for flux density extrac-
tion). The attained off-source root-mean-square (rms) noise
level was 39 µJy/beam and 24 µJy/beam for the 8 April 2008
and 5 December 2008 observations, respectively, and enables
26 compact components to be detected above 5 rms (see Fig. 1).
Since the EVN radio image on 5 December 2008 is much deeper
than the one obtained on 8 April 2008, it is not surprising that
we detected a larger number of VLBI sources in our second
epoch (25) than in our first one (15). This allowed us to go back
to our first-epoch image and extract the flux density for the new
components (A15 through to A25 in Fig. 1), which show ≥5 rms
detections only in the December 2008 image. This procedure al-
lowed us to recover four components above 3σ (A15, A18, A22,
and A25), based on a positional coincidence with the peak of
brightness of our second epoch of greater than ∼0.5 milliarcsec,
i.e., much smaller than the synthesized interferometric beam.

Our results demonstrate that a very compact rich nuclear
starburst in Arp 299-A exists and, in general, are in excellent
agreement with independent results reported by Ulvestad (2009).
The angular size encompassed by the radio emitting sources in
Arp 299-A is smaller than 0.7′′ × 0.4′′, corresponding to a pro-
jected linear size of (150 × 85) pc. To facilitate comparisons,
we define here a fiducial supernova radio luminosity equal to
three times the image rms in the 8 April 2008 epoch, which cor-
responds to 2.9 × 1026 erg s−1 Hz−1. In this way, the radio lu-
minosities for the VLBI components range between 1.1 (A25)
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Fig. 1. Top: 5 GHz VLA archival observations of Arp 299 on
24 October 2000, displaying the five brightest knots of radio emission
in this merging galaxy. Middle and bottom: contour maps drawn at five
times the rms of our 5 GHz eEVN observations of the central 500 light
years of the luminous infrared galaxy Arp 299-A on 8 April 2008 and
5 December 2008, revealing a large population of relatively bright, com-
pact, non-thermal emitting sources. The size of the FWHM synthesized
interferometric beam was (0.6 arcsec × 0.4 arcsec) for the VLA ob-
servations, and (7.3 milliarcsec × 6.3 milliarcsec) and (8.6 milliarc-
sec × 8.4 milliarcsec) for the EVN observations on 8 April 2008 and
5 December 2008, respectively. To guide the reader’s eye, we show in
cyan the components detected only at the 5 December 2008 epoch.

and 7.3 (A1) and between 1.0 (A13) and 7.7 (A1) times the
fiducial value, for the VLBI observations on 8 April 2008 and
5 December 2008, respectively (see Table 1 for details).

3. Discussion

The radio emission from the compact sources detected from our
VLBI observations can be explained in principle within two
different physical scenarios: (i) thermal radio emission from
super star clusters (SSCs) hosting large numbers of young,

Perez-Torres+2009; Bondi+2012
Ulvestad (2009)
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• The merging pair Arp 299 is one of the brightest (LIR = 7x1011 L⊙) nearby (45 Mpc) 
luminous infrared galaxies with SFR ~150-200 M⊙ yr-1 and expected core-collapse SN 
rate ~2 SN/yr and hosting a Compton thick AGN (NH = 3x1024 cm-2) in the B1 nucleus 

• Consider two broad scenarios: (i) event unrelated to the SMBH (e.g. a supernova) or (ii) 
SMBH related event (e.g. an AGN flare or a tidal disruption event)



 
Figure 3. Infrared properties of Arp299B-AT1. (A) The evolution of the observed infrared SED 

(points) shown together with blackbody fits between 136 and 4207 days since the first mid-IR 

detection of the outburst in December 2004. Over this period the blackbody temperature decreased 

from about 1050 to 750 K while the blackbody radius increased from 0.04 to 013 pc. (B) The 

evolution of the integrated blackbody luminosity (blue points connected with a line) and cumulative 

radiated energy (red squares and line). The observed radiated energy by 4207 days was about 1.5x1052 

erg.   
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• The shape of the IR SED very close to a single component blackbody, indicating a 
narrow range of dust temperatures and relatively low foreground extinction 



 

Figure S2. IR properties and evolution of Arp299B-AT1.  (A) Ks-band (2.2 µm) and Spitzer 3.6, 4.5 

and 8.0µm light curves (after removing the quiescent nuclear flux). The epoch when the mid-IR light 

curves were observed to start rising (2004 Dec. 21.6 corresponding to 2453361.1 JD) has been 

adopted as day 0. (B) The evolution of the derived blackbody radius, temperature, luminosity and 

total energy over time. Our fits (see Fig. 3) suggest that an expanding (from about 0.04 pc to 0.13 pc) 

and cooling (from about 1050 to 750K) source can account for the observed near- and mid-IR 

behavior. Integrating the blackbody luminosities to the current epoch yields a total radiated energy of 

about 1.5× 1052 erg.   
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• The shape of the IR SED very close to a single component blackbody, indicating a 
narrow range of dust temperatures and relatively low foreground extinction 

• Blackbody radius expands from 0.04 to 0.13 pc while temperature cools from 1000 to 
750 K, peak luminosity of ~6x1043 erg, and total radiated energy of ~1.5x1052 erg 

Mattila, Perez-Torres et al. 2018, Science



 
 
Figure 1. The transient Arp299B-AT1 and its host galaxy Arp 299. (A) A colour-combined optical 

image from the HST. Credit: NASA, ESA, the Hubble Heritage Team (STScI/AURA)-ESA/Hubble 

Collaboration and A. Evans (University of Virginia, Charlottesville/NRAO/Stony Brook University), 

with high resolution near-infrared images (inset) showing the brightening of the B1 nucleus. (B) The 

evolution of the radio morphology as imaged with VLBI at 8.4 GHz. The initially unresolved radio 

source develops into a resolved jet structure a few years after the explosion. The radio beam for each 

epoch is indicated in the lower-left corner.  
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• A new compact radio source detected in July 2005 at 8.4 GHz; developed a 
prominent extended jet-like structure by 2011 

• Radio jets commonly observed in AGN but also expected in TDEs and tentatively 
seen in the case of a couple of events so far !

VLBI 8.4 GHz

0.25c

Radio evolution from the VLBI at milliarcsec resolution 
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Figure S5. Schematic diagram (not to scale) showing the geometry of the emitting and absorbing 

regions. The polar dust re-radiates in the infrared a fraction of the total energy emitted by the event. 

The direct line-of-sight to the central black hole is obscured by the dusty torus, which is opaque from 

soft X-ray to infrared wavelengths. The transient radio emission originates from a relativistic jet 

launched by the tidal disruption of a star.  

 
 
 
 
 
 
 
 
 

 
 

  

Ramos Almeida & Ricci (2017)

• The AGN torus observed almost edge-on with NH = 3x1024 cm-2  towards the AGN 
• Observed IR emission re-radiation by optically thick dust clouds in the polar regions 

of the torus, which suffer from a relatively low foreground extinction within Arp 299

BB (T ~1000 K)

obscured



 

 
 
Figure 4. Infrared SED of Arp 299-B1 before and after the outburst. Best fit to the pre-outburst (A) 

and the post-outburst (734 days after the first mid-IR detection) SED (B) with the starburst model (23) 

in red, and the AGN tapered disc model (24) in blue, including a contribution from polar dust in 

orange. The sum of these components is shown as black line. In the latter fit most of the model 

parameters were fixed and the temperature of the polar dust was allowed to vary from 500 K in the 

pre-outburst case to 900 K in the post-outburst case. This yields a covering factor of the polar dust of 

23%-78%, implying that the total radiated energy is ~(1.9-6.5) x1052 erg. 
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• Fit the IR SED using radiative transfer models for starburst, AGN and polar dust 



Efstathiou et al. starburst model 
• Simple model for the evolution of an ensemble of giant molecular clouds 

illuminated by recently formed stars 
• The stellar population synthesis model of Bruzual & Charlot gives the 

spectrum of the stars as a function of age 
• Radiative transfer including the effect of transiently heated  grains/PAHs 
Efstathiou, Rowan-Robinson & Siebenmorgen (2000) 
revised by Efstahiou & Siebenmorgen (2009)



Efstathiou et al. starburst model 
• Simple model for the evolution of an ensemble of giant molecular clouds 

illuminated by recently formed stars 
• The stellar population synthesis model of Bruzual & Charlot gives the 

spectrum of the stars as a function of age 
• Radiative transfer including the effect of transiently heated  grains/PAHs 
Efstathiou, Rowan-Robinson & Siebenmorgen (2000) 
revised by Efstahiou & Siebenmorgen (2009)

Tapered disc of Efstathiou & Rowan-Robinson + polar dust 
• Large grid of tapered smooth disc models with the ratio of outer to inner radius, equatorial 

UV optical depth, opening angle and inclination of the torus as the free parameters 
• Solve the radiative transfer problem to determine the dust temperature distribution taking 

into account absorption of emission from hot inner torus by the outer torus 
• Separate polar dust component 
Efstathiou & Rowan-Robinson (1995) 
Efstathiou (2006) 
Efstathiou et al. (2013)
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• Fit the IR SED using radiative transfer models for starburst, AGN and polar dust 
• Starbursts and AGN components remain constant but the polar dust component found 

to increase by a factor of ~15 after the outburst with temperature increasing to 900 K 
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• Fit the IR SED using radiative transfer models for starburst, AGN and polar dust 
• Starbursts and AGN components remain constant but the polar dust component found 

to increase by a factor of ~15 after the outburst with temperature increasing to 900 K 
• Estimated covering factor of 23-78% for the polar dust implies a total radiated energy 

~2.0-6.5x1052 erg 
• Opportunity to probe the dusty nuclear environment and constrain the torus models

Mattila, Perez-Torres et al. 2018, Science, 361, 482



• Host galaxy with AGN characteristics, SN-like smooth light curve evolution  
• Blackbody temperature 2500-1200 K, radius 0.02-0.04 pc, radiated energy ~2x1052 erg 

(40% in the IR), AV ~ 0 for the optical emission 
• Evidence for dust evaporation and reprocessing of UV/optical emission by dust 

Kankare, Kotak, Mattila...Ward et al. 2017, Nature Astron. 

Energetic nuclear transient PS1-10adi 



Summary 
• The nuclear transient in Arp 299 radiated at least 1.5x1052 erg in the IR and showed a 

resolved radio jet but remained elusive in the optical and X-rays 

• Consistent with a tidal disruption event with an efficient reprocessing of soft X-ray 
photons to UV-optical range by dense gas and further to IR by dust in the nuclear regions 

• Offers an opportunities to probe the dusty nuclear environment in Arp 299 and constrain 
torus models: polar dust with low foreground extinction arguing against obscuration by 
galaxy-scale dust or unobscured “keyhole” view through the obscuring nuclear medium
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