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(U)LIRGs - Definitions & Intro 
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• Provide ~10% of radiant energy production in the local universe

• Provide ~ 20% of all the high-mass SF in the local universe

• Contain millions of OB stars: test massive star evolution, IMFs,...

CCSN rate ⇡ 0.3
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LIR
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• Typical SFRs are a few x(10-100) 
Msun/yr => CCSN rates  a few x 
(0.1-1) SNe/yr

• Significant fraction of the SF at 
high-z took place in LIRGs/
ULIRGs

Magnelli +09, +11

LIRGs

ULIRGs

SFR density vs. redshift

(U)LIRGs & the SFR history of the universe



(U)LIRGs - Extreme environments 

weighting). At 2.6 mm wavelength with 2"3 resolution, a
brightness temperature of 1 K corresponds to 57 mJy beam⇥1.
The digital correlator, centered at VLSR ⇤ 3100 km s⇥1, pro-
vided a total velocity coverage of 1123 km s⇥1 for 12CO, 1175
km s⇥1 for 13CO, and 1407 km s⇥1 for HCN. Data were binned
to 4 MHz resolution, corresponding to 10 km s⇥1 for 12CO and
13CO and 13 km s⇥1 for HCN. At 110 GHz an unresolved
continuum source of 17 H 2 mJy was detected in the center of
IC 694. Continuum emission was also detected in NGC 3690
(5 H 2 mJy) and the overlap region (9 H 2 mJy). We sub-
tracted this continuum emission from the line emission before
maps were made.

The main structures found by Sargent & Scoville (1991) with
the three-telescope array are recovered in our new 12CO map
(Fig. 1a), but our increased uv coverage enables improved
deconvolution. Lower surface brightness emission (A2), pos-
sibly a molecular disk or bar, extends 10�–15� southeast of the
IC 694 nucleus (A1), coincident with the remnant optical disk.
The center of NGC 3690 (B1) is also surrounded by weak,
extended emission (B2 and B3) with a somewhat S-shaped
morphology. Where the two galaxies overlap, three distinctive
clumps (C1, C2, and C3) can now be discerned. Weaker,
extended emission is also recovered better in our new 12CO
map, and clumpy structures can be distinguished at the center

of the map (F). These structures appear to connect the major
components A, B, and C. In addition, there is a clump (D)
north of the main features with systemic velocity 23280
km s⇥1, which is beyond the bandwidth of the earlier OVRO
data.

Bright 6 cm radio continuum peaks at the nuclei of IC 694
and NGC 3690 (Gehrz et al. 1983; Condon et al. 1991)
coincide with the 12CO peaks to within the estimated positional
uncertainty (0"5). There is also reasonable positional agree-
ment between the two brightest 12CO clumps in the overlap
region (C) and two additional 6 cm radio continuum peaks: C1
and the western radio continuum peak are also coincident
within 0"5, although the discrepancy between C2 and the
eastern radio continuum peak is somewhat larger, ⌅� ⇤ 0"8.
Weaker radio continuum emission at 18 cm and 6 cm is
spatially coincident with the extended 12CO emission in regions
A2, B2, B3, and F (Baan & Haschick 1990; Gehrz et al. 1983).

The velocity field image (Fig. 2 [Pl. L13]) reveals a mono-
tonic shift from the blueshifted emission from A2 in IC 694 to
redshifted emission from the overlap region C and from region
D. Velocity gradients within C and D are small. The velocity
field of NGC 3690 is complicated by a double-peaked emission
structure of B2, and both B2 and B3 appear blueshifted
relative to the center, B1.

FIG. 1.—(a)12CO 1–0 moment map (2800–3400 km s⇥1). Contour levels are 0.9, 1.8, 3.6, 5.4, 7.2, 9, 10.8, 12.6, 14.4, 16.2, and 18 Jy beam⇥1 km s⇥1 . Gray-scale
levels range from 5 to 75 Jy beam⇥1 km s⇥1 . The peak flux is 97 Jy beam⇥1 km s⇥1 on the nucleus of IC 694. Crosses mark the 6 cm radio continuum positions (Gehrz
et al. 1983). (b) The 13CO 1–0 moment map. Contour levels are 0.4, 0.8, 1.2, 1.6, and 2.0 Jy beam⇥1 km s⇥1 . The peak flux is 2.3 Jy beam⇥1 km s⇥1 on the disk of
IC 694. (c) HCN 1–0 moment map. Contour levels are 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, and 5.4 Jy beam⇥1 km s⇥1 . The peak flux is 7.1 Jy beam⇥1 km s⇥1 at the
nucleus of IC 694.
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(Fig. 1a), but our increased uv coverage enables improved
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extended emission (B2 and B3) with a somewhat S-shaped
morphology. Where the two galaxies overlap, three distinctive
clumps (C1, C2, and C3) can now be discerned. Weaker,
extended emission is also recovered better in our new 12CO
map, and clumpy structures can be distinguished at the center

of the map (F). These structures appear to connect the major
components A, B, and C. In addition, there is a clump (D)
north of the main features with systemic velocity 23280
km s⇥1, which is beyond the bandwidth of the earlier OVRO
data.

Bright 6 cm radio continuum peaks at the nuclei of IC 694
and NGC 3690 (Gehrz et al. 1983; Condon et al. 1991)
coincide with the 12CO peaks to within the estimated positional
uncertainty (0"5). There is also reasonable positional agree-
ment between the two brightest 12CO clumps in the overlap
region (C) and two additional 6 cm radio continuum peaks: C1
and the western radio continuum peak are also coincident
within 0"5, although the discrepancy between C2 and the
eastern radio continuum peak is somewhat larger, ⌅� ⇤ 0"8.
Weaker radio continuum emission at 18 cm and 6 cm is
spatially coincident with the extended 12CO emission in regions
A2, B2, B3, and F (Baan & Haschick 1990; Gehrz et al. 1983).

The velocity field image (Fig. 2 [Pl. L13]) reveals a mono-
tonic shift from the blueshifted emission from A2 in IC 694 to
redshifted emission from the overlap region C and from region
D. Velocity gradients within C and D are small. The velocity
field of NGC 3690 is complicated by a double-peaked emission
structure of B2, and both B2 and B3 appear blueshifted
relative to the center, B1.

FIG. 1.—(a)12CO 1–0 moment map (2800–3400 km s⇥1). Contour levels are 0.9, 1.8, 3.6, 5.4, 7.2, 9, 10.8, 12.6, 14.4, 16.2, and 18 Jy beam⇥1 km s⇥1 . Gray-scale
levels range from 5 to 75 Jy beam⇥1 km s⇥1 . The peak flux is 97 Jy beam⇥1 km s⇥1 on the nucleus of IC 694. Crosses mark the 6 cm radio continuum positions (Gehrz
et al. 1983). (b) The 13CO 1–0 moment map. Contour levels are 0.4, 0.8, 1.2, 1.6, and 2.0 Jy beam⇥1 km s⇥1 . The peak flux is 2.3 Jy beam⇥1 km s⇥1 on the disk of
IC 694. (c) HCN 1–0 moment map. Contour levels are 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, and 5.4 Jy beam⇥1 km s⇥1 . The peak flux is 7.1 Jy beam⇥1 km s⇥1 at the
nucleus of IC 694.
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N(H2)/I(
12CO) = 3⇥ 1020cm�2

MH2 ⇡ 7.5⇥ 109M�

Aalto+ 1997

⌃g ⇡ 1.0⇥ 105 M�pc
�2

Arp 299

HCN(1-0) image

CO(1-0) image

nISM ⇠ 104cm�3

• Huge amounts of molecular gas in 
their central regions

• Very large surface densities

• Very dense ISM

Arp 299
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Observed FIR/radio spectrum of M82
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magnitude-limited samples of spiral galaxies. Price & Duric
(1992) later showed that radio emission can be separated
into free-free and synchrotron emission and suggested that
the latter causes a greater than unity slope at lower fre-
quencies.

3.1. Observed Radio-FIR Correlation
The plot of 1.4 GHz radio luminosity versus 60 km FIR

luminosity for our IRAS 2 Jy sample galaxies (Fig. 5a)
shows a nearly linear correlation spanning over Ðve decades
in luminosity. The three noteworthy features are (1) a unity
slope, (2) steepening of the relation at low luminosity

and (3) a higher dispersion for lumi-(L 60 km ¹ 109 L
_

),
nosities above L 60 km º 1010.5 L

_
.

A formal Ðt to the observed radio-FIR luminosity corre-
lation yields

log (L 1.4 GHz) \ (0.99 ^ 0.01) log (L 60 km/L
_

)

] (12.07 ^ 0.08) . (4)

The overall trend is indistinguishable from a pure linear
relation since the overwhelming majority of FIR-selected
galaxies have between 109 and 1011.5 TheL 60 km L

_
.

observed strong correlation is accentuated by the distance
e†ect, but the plot of the observed radio and 60 km Ñuxes
(Fig. 5b) also shows a linear trend spanning nearly 3 orders
of magnitude in Ñux. In both plots, the scatter is about 0.26
dex.

There is a systematic tendency of galaxies with L 60 km ¹
109 to appear below the best-Ðt line in Figure 5a, andL

_the diminished radio emission of these galaxies may con-
tribute to the previously reported ““ nonlinear ÏÏ trend in the
radio-FIR relation among optically selected galaxy samples
(e.g., Condon et al. 1991a). Such a deviation from the linear
relation can occur if the FIR or radio luminosity is not

directly proportional to the star-forming activity. Dust
heating by low-mass stars (““ cirrus ÏÏ emission) may contrib-
ute only to the observed FIR emission (Helou 1986 ;
Lonsdale-Persson & Helou 1987 ; Fitt et al. 1988 ; Cox et al.
1988 ; Devereux & Eales 1989). Alternatively, the radio
luminosity of less luminous (and generally less massive) gal-
axies may be low if cosmic-ray loss by di†usion is important
(Klein, Wielebinski, & Thuan 1984 ; Chi & Wolfendale
1990). Because this sample is FIR selected, there is a poten-
tial bias toward sources with higher FIR/radio Ñux density
ratios (see Condon & Broderick 1986). On the other hand,
low FIR luminosity sources with relatively high FIR/radio
ratios may be missed systematically, possibly o†setting the
Ðrst potential bias.

3.2. Deviation from the L inear Relation
The presence of any nonlinearity or any increase in the

dispersion of the radio-FIR correlation may be seen more
easily by examining the ““ q ÏÏ parameter (Condon et al.
1991a),

q 4 log
A FIR

3.75 ] 1012 W m~2
B[ log

A S1.4 GHz
W m~2 Hz~1

B
,

(5)

where is the observed 1.4 GHz Ñux density in unitsS1.4 GHzof W m~2 Hz~1 and

FIR 4 1.26 ] 10~14(2.58S60 km ] S100 km) W m~2 , (6)

where and are IRAS 60 and 100 km band ÑuxS60 km S100 kmdensities in Jy (see Helou et al. 1988). Therefore, q is a
measure of the logarithmic FIR/radio Ñux density ratio. For

FIG. 5.È(a) Plot of 1.4 GHz radio luminosity vs. IRAS 60 km luminosity. The solid line corresponds to a linear relation with a constant o†set. (b) Plot of
1.4 GHz and IRAS 60 km Ñux density for the IRAS 2 Jy sample. The solid line corresponds to the same linear relation shown in (a). Gray Ðlled circles identify
the radio-excess objects (see ° 4.2). The remaining D1750 objects (out of 1809) lie very close to the linear relation, and the rms scatter of the data is less than
0.26 dex.
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observed strong correlation is accentuated by the distance
e†ect, but the plot of the observed radio and 60 km Ñuxes
(Fig. 5b) also shows a linear trend spanning nearly 3 orders
of magnitude in Ñux. In both plots, the scatter is about 0.26
dex.

There is a systematic tendency of galaxies with L 60 km ¹
109 to appear below the best-Ðt line in Figure 5a, andL

_the diminished radio emission of these galaxies may con-
tribute to the previously reported ““ nonlinear ÏÏ trend in the
radio-FIR relation among optically selected galaxy samples
(e.g., Condon et al. 1991a). Such a deviation from the linear
relation can occur if the FIR or radio luminosity is not

directly proportional to the star-forming activity. Dust
heating by low-mass stars (““ cirrus ÏÏ emission) may contrib-
ute only to the observed FIR emission (Helou 1986 ;
Lonsdale-Persson & Helou 1987 ; Fitt et al. 1988 ; Cox et al.
1988 ; Devereux & Eales 1989). Alternatively, the radio
luminosity of less luminous (and generally less massive) gal-
axies may be low if cosmic-ray loss by di†usion is important
(Klein, Wielebinski, & Thuan 1984 ; Chi & Wolfendale
1990). Because this sample is FIR selected, there is a poten-
tial bias toward sources with higher FIR/radio Ñux density
ratios (see Condon & Broderick 1986). On the other hand,
low FIR luminosity sources with relatively high FIR/radio
ratios may be missed systematically, possibly o†setting the
Ðrst potential bias.

3.2. Deviation from the L inear Relation
The presence of any nonlinearity or any increase in the

dispersion of the radio-FIR correlation may be seen more
easily by examining the ““ q ÏÏ parameter (Condon et al.
1991a),
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where is the observed 1.4 GHz Ñux density in unitsS1.4 GHzof W m~2 Hz~1 and
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where and are IRAS 60 and 100 km band ÑuxS60 km S100 kmdensities in Jy (see Helou et al. 1988). Therefore, q is a
measure of the logarithmic FIR/radio Ñux density ratio. For

FIG. 5.È(a) Plot of 1.4 GHz radio luminosity vs. IRAS 60 km luminosity. The solid line corresponds to a linear relation with a constant o†set. (b) Plot of
1.4 GHz and IRAS 60 km Ñux density for the IRAS 2 Jy sample. The solid line corresponds to the same linear relation shown in (a). Gray Ðlled circles identify
the radio-excess objects (see ° 4.2). The remaining D1750 objects (out of 1809) lie very close to the linear relation, and the rms scatter of the data is less than
0.26 dex.

Yun, Reddy & Condon (2001)

Far-Infrared Radio Correlation (FRC)
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Mrk 331 @ 75 Mpc 

8.4 GHz VLA image

360 pc • Compact (<=200 pc), high-surface 
brightness central radio source 
(42% of total) T => non-thermal

• Extended (>= 1kpc), low-surface 
brightness circumnuclear region 
(58% of total)

• Hot question:  What is powering 
the radio emission in each region?

Typical radio structure

(U)LIRGs - High-angular radio obs-ns
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(U)LIRGs - High-angular radio obs-ns

NGC 1614 @ 65 Mpc 

8.4 GHz VLA image

300 pc
• Compact (<=200 pc), low-surface 

brightness central radio source 
(~10% of total)

• Extended (>= 1kpc), bright-surface 
brightness circumnuclear region 
(~90% of total) T => non-thermal

• Question:  What is powering the 
radio emission in each region?

Less typical, but often 
encountered



• VLBI provides precise location of 
AGN (milliarcsecond resolution).

• Accurate quantification of AGN/SB 
contribution to total radio emission.

• AGNs show flat, or even inverted 
spectral index at radio wavelengths 

• AGNs show core-jet structure

S⌫ / ⌫↵
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Pérez-Torres+2009 (Letters to A&A)

Arp 299A at cm wavelengths

High-angular radio as a tool to pinpoint AGNs 
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Discovery of a shell structure in SN 1993J

Marcaide+1993, Nature



• Optical searches are deemed to 
fail due to severe dust 
extinction.

• Radio emission is free from 
extinction effects => searches in 
radio for CCSNe more 
promising to yield true estimate 
of CCSN rates.

• Observed CCSNe rate + IMF 
=> direct measurement of 
current SFR

M82 at cm wavelengths

CCSNe as a direct SFR tracer in (U)LIRGs 

⇥ccsn =
⇤ mu

mSN

�(m) dm = SFR

�
�� 2
�� 1

⇥ �
m1��

SN �m1��
u

m2��
l �m2��

u

⇥

Pérez-Torres+2009 (MNRAS)



D = 3.5 Mpc

1”  ~ 17 pc

Lfir = 5.9 x1010  Lsol

• If CCSN rate ~ 2.7 x 10-12  (Lfir / 
Lsol)  => SN rate = 0.16 SN/yr 

• Radio observations yield SN rate 
= 0.1 SN/yr (Beswick+06, Fenech
+08,+10)

• >60 compact sources. Resolved 
with MERLIN+VLBI (0.05 pc - 1.7 
pc resolution)

• 30 confirmed SNRs; 16 H II 
regions; 15 unclass. sources

M82 - A Supernova 
Remnant Lab

(Fenech+ 2010; Beswick+ 2006 and refs)

 3.5 pc

Fenech+2010 (MNRAS)



IMF in the Galactic centre and starburst regions L31

Figure 3. (a) Mass spectrum of gravitational condensations in the starburst calculation at a time when 15 per cent of the gas is converted into collapsed objects

(which we identify as direct progenitors of individual stars). To guide the eye, we indicate a slope −1.0 and the Salpeter slope −1.3 with dotted lines. The mass

function in our simulated starburst environment shows a broad peak in the range 10–25 M⊙ and falls off for larger masses. It is thus top-heavy compared to

the IMF in the solar neighbourhood (Salpeter 1955; Kroupa 2002; Chabrier 2003). (b) Mass spectrum of collapsed objects in a calculation focusing on nearby

molecular clouds (see Jappsen et al. 2005). It agrees well with the IMF in the solar vicinity. For comparison we overplot the functional forms proposed by

Kroupa (2002) with dashed lines and by Chabrier (2003) with dotted lines. Our two calculations differ mainly in the adopted EOS, i.e. in the chemical and

thermodynamic state of the star forming gas, other parameters are comparable.

progenitors of individual stars. For a more detailed account of the

method and a discussion of its convergence properties we refer the

reader to Klessen et al. (2000) and Jappsen et al. (2005).

We focus on a cubic volume of 11.2 pc in size, which con-

tains 80 000 M⊙ of gas and has an initial mean particle density

n = 103 cm3 at a temperature of 21 K. Above the characteristic

density n = 104 cm−3 where γ is at a maximum, the temperature

quickly reaches values of ∼100 K. This set-up is chosen to describe

the typical environment within the central regions of an actively

star-forming galaxy such as our own Milky Way or NGC 253. In

such galaxies, high-density gas with n > 105 cm−3, as traced by

HCN, typically has a filamentary structure with very low filling fac-

tor, while the bulk of the gas is at n ≈ 103 cm−3 (Morris & Serabyn

1996; Hüttemeister et al. 1993; Israel & Baas 2003), exactly as found

at the end of our simulation (see Fig. 1). We stop the calculation at a

star formation efficiency (SFE) ≈15 per cent, when roughly 1/6 of

the total gas mass has turned into gravitationally collapsed conden-

sations (i.e. sink particles, which we identify as direct progenitors

of individual young stars).

Throughout the simulation we drive turbulence continuously on

large scales, with wave numbers k in the range 1 ! k ! 2 (see Mac

Low 1999) to yield a constant turbulent Mach number Mrms ≈ 5.

The particle number is N =8 000 000. This is thus one of the highest-

resolution star formation calculations performed with SPH, with a

total CPU time of 8 × 104 h. The critical density for sink particle

formation is nc = 107 cm−3, with a sink particle radius of 0.015 pc.

The mass of individual SPH particles is m = 0.01 M⊙, which is

sufficient to resolve the minimum Jeans mass in the system M J ≈

1.5 M⊙. Except for the EOS and the particle number, the numerical

set-up is identical to the study by Jappsen et al. (2005). We have

performed a second run for a region of 5.7 pc with four times less

mass, eight times fewer particles and a sink particle radius of 0.02

pc that has reached a SFE ∼36 per cent.

3 R E S U LT A N D P H Y S I C A L I N T E R P R E TAT I O N

We find that in the considered star-forming region, the mass spec-

trum of collapsed objects is biased towards high masses. The result-

ing IMF has a broad peak at ∼15 M⊙ followed by an approximate

power-law fall-off with a slope in the range −1.0 to −1.3. Further-

more, there is a clear deficit of stars below 7 M⊙. This is illustrated

in Fig. 3(a). We contrast this finding with the result from a simula-

tion appropriate for the physical conditions in star-forming regions

near the Sun (from Jappsen et al. 2005), where γ changes from 0.7

to 1.1 at an H2 density of a few ×105 cm−3. As expected, Fig. 3(b)

shows a mass spectrum that is very similar to the IMF in the solar

neighbourhood (Kroupa 2002; Chabrier 2003). These striking dif-

ferences are caused by the very disparate chemical and thermody-

namic state of the star-forming gas in the two simulations, as all other

parameters are very similar. Our results thus support the hypothesis

that for extreme environmental conditions as inferred for the cen-

tres of most spiral galaxies or more general for infrared–luminous

circumnuclear starburst regions the IMF is indeed expected to be

top-heavy.

There is a natural explanation for our results in terms of the tem-

perature dependence of the Jeans mass M J. Compared to a mean

temperature of 10 K for dense molecular gas in the Milky Way,

gravitationally collapsing gas in our simulations has a temperature

of ∼100 K and an H2 density of a few ×105 cm−3. As the critical

mass for gravitational collapse scales as M J ∝ T 1.5, this boosts M J

from 0.3 M⊙ at 10 K to about 10 M⊙ at 100 K (see also Klessen

et al. 2000; Bonnell, Clarke & Bate 2006). This temperature may

seem high, but is quite consistent with molecular cloud observations

in the Galactic centre (e.g. Hüttemeister et al. 1993) or with high-

density (n > 104 cm−3) NH3 data in the starburst centre of NGC253

(Ott et al. 2005). We also note that this Jeans mass scaling argument

is supported by recent observations in more nearby high-mass star-

forming regions. For example, in M17 at a distance of 1.6 kpc from

the Sun, the mass spectrum of prestellar cores, which are the direct

progenitors of individual stars, peaks at at ∼4 M⊙ at an ambient

temperature of 30 K (Reid & Wilson 2006). This is well above the

corresponding peak in low-mass star-forming regions (e.g. Motte,

André & Neri 1998).

4 D I S C U S S I O N

Our mass spectrum is in good agreement with the IMF estimates

in the Galactic centre by Stolte et al. (2002, 2005), Nayakshin &

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 374, L29–L33

IMF in starburst regions: Top heavy?

Klessen+ 2007 (MNRAS)

 Broad peak in the (10-25) Msolar range

 Sharp turn-down around ~7 Msolar

Top-heavy as compared with the IMF in the 
solar neighborhood



The RSN factory in Arp 220

•Large numbers of SNe and SNRs detected.

•All Radio SNe are very bright => Type IIn SNe => very massive progenitors

•Radio SN rate = 4 +/- 2 RSN/yr = Expected total CCSN rate!!

Large number of bright, Type IIn-like SNe => Top-heavy IMF... or recent SB (!?)

Parra +2007 (ApJ)

Lonsdale+2006 (ApJ)



SNe in circumnuclear SBs

SN 2000ft

R1
R2

R3

300 pc

 D = 70 Mpc;  LIR ~ 5 x 1011 L sun 
=> SN rate ~ 1.4 SN/yr

4cm VLA image of NGC 7469 (Sy 1.5)

Radio monitoring of NGC 7469 and its host SN 2000ft 1643

Figure 1. Total intensity radio images of NGC 7469 obtained at 8.4 GHz with the VLA in A-configuration, which cover a time baseline of almost eight years
(from 1998 April 8 till 2005 February 5). The maps have been spatially convolved to obtain the same circular Gaussian beam of size 0.31 arcsec, to be able
to compare adequately all the images. The contour levels are drawn at (3, 3

√
3, 9, ...) × 25 µJy beam−1, which is the highest off-source rms of all the maps

(corresponding to the 1998 and 1999 epochs). The peaks of brightness are of 12.61, 12.40, 12.27, 12.53, 13.01, 12.91 and 13.15 mJy beam−1 for the 1998
through 2006 epochs, respectively, and correspond to the nucleus of NGC 7469. The cross corresponds to the position of the peak of SN 2000ft in the 2000
image.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 399, 1641–1649

Pérez-Torres+2009 (MNRAS)L SN2000ft = 1.1 x 10 28 erg/s/Hz

No other SN2000ft-like SN in 8 yr

Colina+2001 (ApJL), Alberdi+2006 (ApJ)

Nucleus

2/3 radio emission in circumnuclear SB



Are SNe in (U)LIRGs intrinsically different?

Pérez-Torres+2009 (MNRAS)

Radio monitoring of NGC 7469 and its host SN 2000ft 1645

Figure 3. Radio light curve of SN 2000ft at 8.4 GHz (filled squares),
5.0 GHz (filled circles) and 1.6 GHz (upper limits; open triangles), along
with the resulting light curve fits (8.4 GHz, solid line; 5.0 GHz, dotted line;
1.4 GHz, dashed–dotted line) of the parametrized model described in Sec-
tion 3.2. The explosion date is fixed to 2000 May 10, three days before its
serendipitous optical discovery (Colina et al. 2007). The 8.4 GHz data are
from this work, while data at other wavelengths were taken from Alberdi
et al. (2006). Note that the late-time data (t ! 1000 d) follows genuinely the
same steep, power-law decline found at earlier times.

the uncertainty in the locally subtracted background emission, we
took the standard deviation of the above values (13 µJy beam−1). We
conservatively added this uncertainty linearly, rather than in quadra-
ture, to the total uncertainty in the flux density measurements for
SN 2000ft, which are listed in Table 1 and plotted in Fig. 3. Those
values show that the late-time radio emission of SN 2000ft is well
characterized by a single index for the power-law time decay, even
six years after its explosion (Sν ∝ t−2.02+0.14

−0.07 ; see Section 3.2 for
details).

We note here that the flux density values reported in Table 1
for SN 2000ft are somewhat different from those presented in
Alberdi et al. (2006). Their values were determined from images
with different synthesized beams, used different weighting imaging
schemes, applied amplitude selfcal after a few iterations of phase
self-calibration, and used different field and cell sizes for each of the
images presented in their paper. Here, we followed a homogeneous
data reduction scheme. Specifically, we used the same field and cell
sizes for all images, made a standard imaging scheme, using natural
weighting and applying phase self-calibration only. The final run of
IMAGR was done using a circular Gaussian beam of size 0.31 arcsec
for all epochs. Finally, we took into account the subtraction of the
background radio emission. All this explains the differences in the
flux densities reported in those papers,2 but do not affect, or modify,
any of the results or conclusions obtained in either paper.

3.2 Radio light curve of SN 2000ft

We show in Fig. 3 the flux density evolution of SN 2000ft. The
data plotted correspond to our new flux density estimates (corrected
for the galaxy background emission), as well as our late-time (t !
1000 d) radio data at 8.4 GHz (see Table 1), while data at other
wavelengths are taken from Alberdi et al. (2006). (Note that since
the data at other frequencies were obtained with MERLIN, which

2 The only exception is the flux density reported for the discovery of SN
2000ft, which is mistakenly given as 1.60 mJy in Alberdi et al. (2006), while
the value that should have been reported is 1.70 mJy.

has a resolution of ∼40 mas at 5 GHz, the putative background ra-
dio emission was resolved out.) Following Alberdi et al. (2006), we
fitted the light curves in terms of the ‘mini-shell’ model (Chevalier
1982), including modifications by Weiler et al. (1990). In partic-
ular, Alberdi et al. (2006) found that both internal opacity (con-
sisting of synchrotron self-absorption and mixed thermal free–free
absorption/non-thermal absorption) and clumpy opacity contribu-
tions were not required to fit the data. Alberdi et al. (2006) did find,
however, that a distant foreground absorber was needed to account
for the non-detection of SN 2000ft at 1.6 GHz in any of the observ-
ing epochs, so we have also fitted for such an absorber. In addition,
we also use the fact that SN 2000ft has been recently detected at
optical wavelengths on 2000 May 13 (Colina et al. 2007), based on
an analysis of HST archival data. We have fixed here the explosion
date to 2000 May 10, so as to make it compatible with the optical
detection. Therefore, we fitted our multiwavelength observations
using the following expression (e.g. Weiler et al. 2002):

Sν = K1 να
5 t

β
1 e−τext , (1)

where Sν is the observed flux density, in mJy; ν5 is the observing
frequency, in units of 5 GHz; t1 is the time since the explosion
date, in days; and τ ext is the external optical depth, assumed to arise
from purely thermal, ionized hydrogen that absorbs with frequency
dependence ν−2.1. In turn, τ ext = τCSM + τ dist, τCSM = K2 ν−2.1

5 t δ
1,

τ dist = K4 ν−2.1
5 , where K1, K2 and K4 correspond to the flux density

(K1) and uniform optical depths (K2, K4) at 5 GHz, one day after
the explosion, respectively. The parameter δ accounts for the time
dependence of the optical depth for the local uniform media.

Our best fit is yielded by the following set of parameters: spectral
index, α = −1.27; power-law time decay, β = −2.02; K1 = 4.45 ×
105 mJy; K2 = 1.67 × 107; adopted power-law time decay of the
optical depth, δ = −2.94; foreground uniform optical depth τ ff

(most likely associated with an H II region, as found by Alberdi
et al. 2006), K4 ! 0.17.

3.3 A systematic search for radio supernovae in NGC 7469

RSN SN 2000ft was extraordinarily bright, and therefore was easy
to detect and confirm as such in our images. However, RSNe are
on average intrinsically fainter than SN 2000ft, and hence several
RSNe could have exploded since 1998 but gone unnoted by simple
visual inspection of our VLA radio images of NGC 7469, especially
since there is a non-negligible amount (∼100 µJy) of secular, non-
variable, galactic radio emission. We, therefore, reverted to the use
of other methods that could hint to the explosion of dimmer SNe
during this period.

In particular, for the purpose of searching for RSNe fainter than
SN 2000ft, we used all of our seven VLA-A observing epochs,
including two epochs prior to the discovery of SN 2000ft, and
reanalysed them in a similar, homogeneous manner, including edit-
ing, calibrating and imaging the data following standard proce-
dures within AIPS. We then used a slightly modified version (see
Melinder et al. 2008) of the Optimal Image Subtraction (Alard &
Lupton 1998; Alard 2000) package ISIS 2.2. The method matches
the point spread function (PSF), intensities and background of the
better ‘seeing’ image to the aligned poorer ‘seeing’ images from
the different epochs before the subtraction. The method has been
used successfully to detect SNe within the highly obscured nu-
clear regions of luminous infrared and starburst galaxies in near-IR,
e.g. the discovery of SN 2004ip (Mattila et al. 2007). However, to
our knowledge, this is the first time it is applied to search for SNe in
radio images. The radio nucleus of the host galaxy was selected as

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 399, 1641–1649

Ṁ ⇡ 5⇥ 10�5M� yr�1

Mswept ⇡ 0.29M�

PISM < ⇢w v2w

•Rather standard behaviour

• No detection at low freqs => 
foreground absorber (H II region)

• n ~ 1E4  #/cm^3

• SN radio emission due to CSM interaction, not to 
interaction with the ISM

• B field necessary to explain radio emission (~ few mG) cannot be explained solely by 
compression from the ISM magnetic field => SN shell (turbulent eddies?)



• Observational fact: CCSNe live longer in radio than in the optical.

• The more time takes an RSN to reach the peak, the more luminous is.

•The brighter the RSN, the more massive tends to be its progenitor.

Pérez-Torres+2015 
(SKA  book chapter)

Radio detection of SNe confirm their CCSN nature



(Pérez-Torres, Lundqvist +2014, ApJ Letters)

Radio emission from SNe Ia negligible 



Radio detection of SN 2004ip in IRAS18293-3413

VLA detection of the NIR-discovered 
SN 2004ip in IRAS 18293-3413

Obs-ns on June 2007, about 3 yr after 
NIR detection. 

SN 2004ip

Pérez-Torres+2007 (ApJL)

SN 2004ip

3.6 cm VLA image overlaid on NACO 

Radio detection => SN 2004ip was a CCSN

Combination of Radio+NIR very promising

Mattila+2007 (ApJL)

Non-AO (1”) AO (0.1”)

D = 79 Mpc 
LIR ~ 7 x 1011 L sun 
=> SN rate ~ 2.0 SN/yr



Arp 299 @ 
near-IR

Arp 299 @ 
radio

D ~ 45 Mpc 

LIR ~ 6.5 x 1011 Lsol

SFR ~ (150-200) Msol

A

B1

CC’



(MPT+2009, A&A Letters)

An extremely prolific SN 
factory in Arp 299-A revealed 

with the eEVN

• Rich cluster of compact radio sources in 
the nuclear region of Arp299A

• SNe and/or SNRs, likely embedded in 
SSCs.

• Evidence of  recent RSNe 

• Radio emission levels typical of Type II 
SNe 



L_peak vs. t_peak => Type II SNe

from Alberdi+ 2006
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5.0 GHz EVN 12 June 2009

7 June 2009

AGN core
Jet component

12 June 2009

1.7 GHz EVN

(MPT+2010)

A

• Core-jet structure
•  A1 - Flat spectrum index
• LLAGN

Discovery of the long-sought AGN in 
Arp 299-A with the EVN

• Supernova A0 just 2 pc away from AGN

B1





Bondi, MPT et al. (2012)

• >26 sources detected

• CCSNe and SNRs

• AGN unveiled

• Evidence for new SNe

• CCSN >= 0.8 SN/yr

• Flickering microQSO

10 pc

The nuclear starburst 
in Arp 299A



Arp 299-A

The Arp 299-A starburst in context - Filling the 
gap between M82-like and Arp 220-like SBs



Luminosity - size relationship for Arp 299A

Arp 299-A nicely fills the gap between M82 and Arp 220-like objects

Pérez-Torres+2018 

L / D�2.25





8.4 GHz 5 GHz1.4 GHz
5 GHz

1.4 GHz

Lsyn,⇤ = ��t⇥e�⌅ext
1� e�⌅cl

⇥cl

1� e�⌅int

⇥int

Optically thin phase
alpha << 0.0

Optically thick phase: 
alpha >> 0.0 S⇥ � ��

Radio light curves & spectra from SNe

Very inverted spectra (alpha >> 0.0) suggest very recently exploded CCSNe.
Very steep (alpha << 0.0) suggest RSNe in their optically thin phase.



Source Spectra in Arp 299A

Blue - sources detected at 
both 1.7 and 5.0 GHz

Magenta - sources detected 
only at 1.7 GHz (alpha < 0.0),  
or at 5.0 GHz (alpha > 0.0)

!1.0 !0.5 0.0 0.5 1.0 1.5
0
1
2
3
4
5
Spectral Index Distribution for Arp 299A

Evidence for RSNe in their optically thick phase (VERY YOUNG), as 
well as in their opt. thin phase (RELATIVELY YOUNG).



EVN obs-ns of ULIRGs 

D (Mpc) Log(L_ir/L_sun) CCSN/yr
IRAS 07251-0248 344 12,32 6

IRAS 19295-0406 338 12,37 6

IRAS 19542+1110 257 12,04 3

IRAS 23365+3604 252 12,13 3

•  Brightest and farthest ULIRGs in the local universe ever imaged with VLBI

•  Resolution ranging from 1-3 mas (EVN@ 6cm), up to 150 mas (MERLIN @ 18 
cm), or  4 pc up to 200  pc @ 250 Mpc.

(PI: Pérez-Torres)



EVN observations of IRAS 23365+3604

Romero-Cañizales, Pérez-Torres & Alberdi (MNRAS, 2012)

2008 2009 2010

240 pc

• Evidence for AGN + SB activity - morphological changes, flux variability
• IC losses dominate over synchrotron => reacceleration is needed 
• Magnetic field ~200 muG (typical of intermediate/advanced mergers)

D= 250 Mpc; merger in intermediate/advanced state
LIR ~ 1.4 x 1012 L sun ;    CCSN rate = 3 SN/yr



The ULIRG IC883
Romero-Cañizales, Pérez-Torres, Alberdi + (2012, A&A)

D= 100 Mpc
Advanced-stage merger
LIR ~ 4.7 x 1011 L sun ;    CCSN rate ~ 1.3 SN/yr

Evidence for AGN + SB activity

AGN+SB



(U)LIRG/QSO evolutionary path
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(Advanced merger)

VLBI observations of local ULIRGs support this scenario

Yuan, Kewley & Sanders (2010)

Arp 299

NGC 7469

IC883

IRAS 23365+3604



The SN budjet of Arp 299The SN budjet of Arp 299

~100%

~100%

~37%

~100%

Use Arp 299 as a 'template' LIRGs for the cosmic 'missing fraction' of SNe
The expected CCSN rate ~~1.6-1.9 SNe1.6-1.9 SNe yr yr-1-1, 0.15-0.52 SNe yr0.15-0.52 SNe yr-1-1 detectable
Estimate 83% (68-92%)83% (68-92%) of the SNe are missing
Use Arp 299 as a 'template' LIRGs for the cosmic 'missing fraction' of SNe

~83% missing SNe

Fraction of (optically) missed SNe in Arp 299 

      New estimate for the missing fraction of SNeNew estimate for the missing fraction of SNe
 

Adopt the number densities of U/LIRGs from Magnelli et al. (2011)
Assumptions for the fractions of SNe missed in local galaxies:

15%15% in 'normal' galaxies, 83%83% in local U/LIRGs
83%83% in starbursting and 37%37% in non-starbursting high-z U/LIRGs
Fraction of starburst U/LIRGs 42% at z = 1.5-2 and 100% locally

Mattila et al. (2012)

LIRGs

Magnelli et al. (2009,2011)

ULIRGs
normal

Mattila et al. (2012)

Mannucci et al. (2007)

VLBI observations allow to correct for 
the missing fraction of CCSNe in LIRGs/
ULIRGs

Arp 299 used as template for correct for 
missing fraction of SNe accross SF history

Mattila et al. (2012, ApJ)



Evidence of nuclear disks in starburst galaxies from 
their radial distribution of SNe

Herrero-Illana, Pérez-Torres & Alberdi (2012, Letters to A&A)Kawakatu & Wada (2008, ApJ)

⌃SN / r�0.9±0.1

r�0.9

⌃SN / r�1
Theory predicted We find



LIRGI: Luminous InfraRed Galaxy Inventory
(PIs: John Conway & Miguel Pérez-Torres)

• Legacy survey observations of 42 of 
the most luminous northern LIRGs 
selected from IRAS (Sanders+ 2003)

• Sample spans the range of FIR 
luminosity from the upper end of 
LIRGs to ULIRGs 

• Properties of LIRGI sources similar to 
SF-gals at high-z.

• Complementary to GOALS



EVN-LIRGI





Commensalism and CCSNe in the SKA era

Pérez-Torres+2015 (SKA  book chapter)



Summary

 High-angular, sensitive radio observations in compact U/LIRGs are 
extremely useful to 

• Determine CCSNe rates in compact U/LIRGs
• Probe interacion SNe-CSM, SNe-ISM in U/LIRGs
• Unveil existence of AGN and/or other nuclear transients

Near-IR searches of CCSNe and radio interferometry very 
complementary

Upcoming radio interferometric facilities (MeerKAT, ASKAP, SKA) 
expected to unveil large numbers of CCSNe (commensal mode)


