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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.

Yun, Reddy & Condon (2001)

Far-Infrared Radio Correlation (FRC)
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The q-parameter
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most galaxies in the IRAS BGS, q B 2.35, but some galaxies
have smaller q-values as a result of an additional contribu-
tion from compact radio cores and radio jets/lobes (Sanders
& Mirabel 1996). Optically selected starburst galaxies
(interacting/Markarian galaxies) have about the same
q-values as normal galaxies, and the radio/FIR Ñux ratio
appears to be independent of starburst strength (e.g., Lisen-
feld, Volk, & Xu 1996).

The q-values for the IRAS 2 Jy sample were computed
using equation (5) and are shown in Figure 6. The mean
q-value for the entire sample is 2.34 ^ 0.01, which is in good
agreement with q-values typically found in other star-
forming galaxies. In fact, 98% of galaxies in our IRAS 2 Jy
sample are found between the two dotted lines, which mark
the 5 times excess and deÐcit of radio emission with respect
to mean q \ 2.34 (solid horizontal line).

The e†ects of measurement errors and source confusion
can be estimated from the dispersion in the q-value in
Figure 6. Before the radio Ñuxes for galaxies with large
angular extent were corrected using the measurements by
Condon (1987), several objects with unusually large
q-values (q º 3) were found, resulting from the missing
extended Ñux. One object, NGC 5195, also turned out to
include incorrect IRAS Ñuxes in the IRAS redshift catalog,
confused with its brighter companion M51. Using the
correct IRAS Ñuxes, its q \ 2.68 became much closer to the
sample mean value. Similarly, IRAS 02483]4302 is a well-
known quasar-galaxy pair and another case of source con-
fusion. Its 1.4 GHz Ñux was corrected using the
measurement by Crawford et al. (1996). These occurrences
are consistent with the expected source confusion statistics
discussed earlier. The direct comparison of Figure 6 with a
similar plot in Condon et al. (1991a) suggests that the mea-
surement errors and confusion e†ects are nevertheless small

FIG. 6.ÈDistribution of q-values plotted as a function of IRAS 60 km
luminosity. The solid line marks the average value of q \ 2.34, while the
dotted lines delineate the ““ radio-excess ÏÏ (below) and ““ IR-excess ÏÏ (above)
objects, delineated for having 5 times larger radio and IR Ñux density than
the expected values from the linear radio-FIR relation, respectively.

and comparable to those of the bright spiral sample and the
IRAS BGS sample analyzed by Condon et al. (1991a).

There are good reasons to believe that galaxies with
much larger or smaller q-values are inherently di†erent.
First of all, there are several objects whose smaller q-values
are the result of signiÐcant excess radio emission associated
with AGNs (see ° 4 for a further discussion). There are also a
few IR-excess objects that may be highly obscured compact
starbursts or dust-enshrouded AGNs (see °° 6.1 and 6.2),
and some of the observed dispersion may arise at least in
part from the variation in excitation or dispersion in dust
temperature. The clustering of low-luminosity galaxies

above the mean q \ 2.34 in Figure 6 is(L 60 km [ 109 L
_

)
another clue that the scatter in the q distribution is more
than simply statistical in nature. This stems from the pre-
viously noted deviation from the linear radio-FIR relation
(° 3.1), and it is also the source of a small gradient in q noted
by Condon et al. (1991a), as a result of a systematic decrease
in radio emission among low-luminosity galaxies. Lastly,
the dispersion in the q-values among the objects with

is signiÐcantly larger, ThisL 60 km [ 1011 L
_

p
q
\ 0.33.

larger scatter also manifests itself in Figure 6 as the disap-
pearance of the dense core in the distribution near the
mean. Helou et al. (1985) noted a similar increase in disper-
sion at high luminosity in their analysis of only 38 spiral
galaxies and suggested that the radio-FIR correlation may
break down for high-luminosity sources. The new data
suggest that the correlation still holds but the dispersion is
indeed increased (see below for possible explanations).

4. RADIO-LOUD AND RADIO-EXCESS GALAXIES

Two di†erent functional deÐnitions of ““ radio-loud ÏÏ
objects are found in the literature : one based on absolute
radio power and the other based on a relative Ñux ratio
(e.g., The former are generally a subset of theL radio/L opt).latter. Here we call ““ radio-loud ÏÏ only those galaxies
hosting radio sources with W Hz~1. In con-L 1.4 GHz º 1025
trast, we deÐne ““ radio-excess ÏÏ objects as galaxies whose
radio luminosity is 5 times the value predicted by the radio-
FIR correlation or larger (below the lower dotted line in
Fig. 6, i.e., q ¹ 1.64).

4.1. Radio-L oud Objects
It is clear from Figure 2 that there are only three radio-

loud objects in our sample of 1809 galaxies, with several
others approaching the radio-loud limit. Regardless of the
exact statistics, the bona Ðde radio-loud galaxies are
extremely rare among the IR-selected sample. We discuss
below the three radio-loud objects in our original sample in
detail. It appears that each object represents a special case,
and their radio emission and FIR emission have physically
distinct origins.

PKS 1226]023 (3C 273).ÈThis is a well-known QSO at
z \ 0.158 (Schmidt 1963). It is a warm IRAS source

K) and also the most lumi-(S60 km/S100 km \ 0.76, Tdust D 44
nous W Hz~1) radio source in our(log L 1.4 GHz \ 27.42
sample. Its elliptical host is somewhat brighter than the
brightest galaxy in a rich cluster Bahcall et(M

V
\ [22.1 ;

al. 1997) and is probably located inside a poor cluster
(Stockton 1980). The large-scale radio structure from the
VLA and MERLIN shows a compact, Ñat-spectrum core
and a single jet extending about 23A from the core at a
position angle of 222¡ (Conway et al. 1993). Unlike the
other two radio-loud objects discussed below, its IR emis-
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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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Radio detection of NGC 1377
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most galaxies in the IRAS BGS, q B 2.35, but some galaxies
have smaller q-values as a result of an additional contribu-
tion from compact radio cores and radio jets/lobes (Sanders
& Mirabel 1996). Optically selected starburst galaxies
(interacting/Markarian galaxies) have about the same
q-values as normal galaxies, and the radio/FIR Ñux ratio
appears to be independent of starburst strength (e.g., Lisen-
feld, Volk, & Xu 1996).

The q-values for the IRAS 2 Jy sample were computed
using equation (5) and are shown in Figure 6. The mean
q-value for the entire sample is 2.34 ^ 0.01, which is in good
agreement with q-values typically found in other star-
forming galaxies. In fact, 98% of galaxies in our IRAS 2 Jy
sample are found between the two dotted lines, which mark
the 5 times excess and deÐcit of radio emission with respect
to mean q \ 2.34 (solid horizontal line).

The e†ects of measurement errors and source confusion
can be estimated from the dispersion in the q-value in
Figure 6. Before the radio Ñuxes for galaxies with large
angular extent were corrected using the measurements by
Condon (1987), several objects with unusually large
q-values (q º 3) were found, resulting from the missing
extended Ñux. One object, NGC 5195, also turned out to
include incorrect IRAS Ñuxes in the IRAS redshift catalog,
confused with its brighter companion M51. Using the
correct IRAS Ñuxes, its q \ 2.68 became much closer to the
sample mean value. Similarly, IRAS 02483]4302 is a well-
known quasar-galaxy pair and another case of source con-
fusion. Its 1.4 GHz Ñux was corrected using the
measurement by Crawford et al. (1996). These occurrences
are consistent with the expected source confusion statistics
discussed earlier. The direct comparison of Figure 6 with a
similar plot in Condon et al. (1991a) suggests that the mea-
surement errors and confusion e†ects are nevertheless small

FIG. 6.ÈDistribution of q-values plotted as a function of IRAS 60 km
luminosity. The solid line marks the average value of q \ 2.34, while the
dotted lines delineate the ““ radio-excess ÏÏ (below) and ““ IR-excess ÏÏ (above)
objects, delineated for having 5 times larger radio and IR Ñux density than
the expected values from the linear radio-FIR relation, respectively.

and comparable to those of the bright spiral sample and the
IRAS BGS sample analyzed by Condon et al. (1991a).

There are good reasons to believe that galaxies with
much larger or smaller q-values are inherently di†erent.
First of all, there are several objects whose smaller q-values
are the result of signiÐcant excess radio emission associated
with AGNs (see ° 4 for a further discussion). There are also a
few IR-excess objects that may be highly obscured compact
starbursts or dust-enshrouded AGNs (see °° 6.1 and 6.2),
and some of the observed dispersion may arise at least in
part from the variation in excitation or dispersion in dust
temperature. The clustering of low-luminosity galaxies

above the mean q \ 2.34 in Figure 6 is(L 60 km [ 109 L
_

)
another clue that the scatter in the q distribution is more
than simply statistical in nature. This stems from the pre-
viously noted deviation from the linear radio-FIR relation
(° 3.1), and it is also the source of a small gradient in q noted
by Condon et al. (1991a), as a result of a systematic decrease
in radio emission among low-luminosity galaxies. Lastly,
the dispersion in the q-values among the objects with

is signiÐcantly larger, ThisL 60 km [ 1011 L
_

p
q
\ 0.33.

larger scatter also manifests itself in Figure 6 as the disap-
pearance of the dense core in the distribution near the
mean. Helou et al. (1985) noted a similar increase in disper-
sion at high luminosity in their analysis of only 38 spiral
galaxies and suggested that the radio-FIR correlation may
break down for high-luminosity sources. The new data
suggest that the correlation still holds but the dispersion is
indeed increased (see below for possible explanations).

4. RADIO-LOUD AND RADIO-EXCESS GALAXIES

Two di†erent functional deÐnitions of ““ radio-loud ÏÏ
objects are found in the literature : one based on absolute
radio power and the other based on a relative Ñux ratio
(e.g., The former are generally a subset of theL radio/L opt).latter. Here we call ““ radio-loud ÏÏ only those galaxies
hosting radio sources with W Hz~1. In con-L 1.4 GHz º 1025
trast, we deÐne ““ radio-excess ÏÏ objects as galaxies whose
radio luminosity is 5 times the value predicted by the radio-
FIR correlation or larger (below the lower dotted line in
Fig. 6, i.e., q ¹ 1.64).

4.1. Radio-L oud Objects
It is clear from Figure 2 that there are only three radio-

loud objects in our sample of 1809 galaxies, with several
others approaching the radio-loud limit. Regardless of the
exact statistics, the bona Ðde radio-loud galaxies are
extremely rare among the IR-selected sample. We discuss
below the three radio-loud objects in our original sample in
detail. It appears that each object represents a special case,
and their radio emission and FIR emission have physically
distinct origins.

PKS 1226]023 (3C 273).ÈThis is a well-known QSO at
z \ 0.158 (Schmidt 1963). It is a warm IRAS source

K) and also the most lumi-(S60 km/S100 km \ 0.76, Tdust D 44
nous W Hz~1) radio source in our(log L 1.4 GHz \ 27.42
sample. Its elliptical host is somewhat brighter than the
brightest galaxy in a rich cluster Bahcall et(M

V
\ [22.1 ;

al. 1997) and is probably located inside a poor cluster
(Stockton 1980). The large-scale radio structure from the
VLA and MERLIN shows a compact, Ñat-spectrum core
and a single jet extending about 23A from the core at a
position angle of 222¡ (Conway et al. 1993). Unlike the
other two radio-loud objects discussed below, its IR emis-

q = 4.2 (!!)
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• Discern compact, nuclear 
activity from diffuse activity



0.5 1.0 1.5

A
R

C
 S

EC

ARC SEC
3 2 1 0 -1 -2 -3

3

2

1

0

-1

-2

-3

NGC 1614 @ 65 Mpc 

8.4 GHz VLA image

300 pc

The need for high-angular resolution 

(MPT+13)

• Radio continuum obs-ns at 
>= 2 freqs

• Determine physical size of SB
• Determine age of SB
• Trace f-f emission/absorption



• Overall radio spectrum steep  
=> SNe and SNR activity

• X-ray also powered by SB
• No need for an AGN in 
NGC1640 (Herrero-Illana, MPT+2014)



• No evidence for AGN in NGC1640 
from deep VLBI obs-ns

(Herrero-Illana, Alberdi, MPT+2017)

• Evidence for ongoing SB 



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

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

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

• AGNs show core-jet structure
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Arp 299A at cm wavelengths

High-angular radio as a tool to pinpoint AGNs... 
and individual SNe/SNRs.
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 High-angular radio obs-ns 
Resolve AGN and SB 
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• 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 
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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 + AO near-IR 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+2012)



The RSN factory in Arp 220

(Parra+07, Batejat+11,Varenius+17)



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 below ~7 Msolar

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



High-angular observations of Arp 299A

(Neff+2004)

 D = 45 Mpc;  Lfir = 3 x1011  Lsol  => CCSN rate ~ 1 SN/yr



(MPT+2009a)

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 

★ Support for a recent (< 10-15 Myr) 
starburst
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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
•  SN feedback hindering AGN activity?



Deepest 5 GHz VLBI image of Arp 299-A ever

(Bondi, MPT+2012)
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MERLIN + EVN observations of Arp 299-A

(Bondi, MPT+2012)

Compact and extended 
radio emission trace the 
same physical region





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

Herrero-Illana, MPT and Alberdi (2012)Kawakatu & Wada (2008, ApJ)

⌃SN / r�0.9±0.1

r�0.9

⌃SN / r�1
Theory expects We find



NGC	6670	-	eMERLIN/LIRGI
(Ramírez-Olivencia+,  in prep.)

(Images: Alberdi & Beswick)



NGC	6670	-	eMERLIN/EVN	@	1.7	GHz

• eMERLIN L-band

• rms ~ 14 uJy/b
rms ~ 14 uJy/b

rms ~ 10 uJy/b

(Ramírez-Olivencia+,  in prep.)



LOFAR imaging of Arp299 at 150 MHz

(Ramírez-Olivencia, Varenius, MPT+, in prep.)



LOFAR radio continuum obs-ns signal 
an outflow in Arp299A (?) 

(Ramírez-Olivencia, Varenius, MPT+, in prep.)



LOFAR radio continuum obs-ns signal 
an outflow in Arp299A (?) 

VLBI obs-ns show CCSN rate is >~ 0.8 SN/yr

=> Mechanical energy from SNe enough to 
power a putative outflow in Arp299A

(Ramírez-Olivencia, Varenius, MPT+, in prep.)



Bottom lines
 Radio observations at high resolution and sensitivity are extremely 

useful to 

(i) discern SB from AGN driven activity in the innermost regions of 
(U)LIRGs, and quantify AGN/SB radio contribution

(ii) trace recent SF activity in the nuclear and circumnuclear regions of 
(U)LIRGs by directly imaging recently exploded SNe 

(iii) directly probe the interaction of SNe with the CSM and ISM in the 
extreme environments of (U)LIRGs

(iv) determine CCSN rates and shed light on the missing fraction of 
CCSNe

(v) check against theoretical models of SB-AGN evolution and 
constrain them

VLBI radio searches on large samples needed to get meaningful 
statistical results (SKA to the rescue!)


