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Parra et al. (2007) recently reported the first detection of the compact sources in Arp 220 at wavelengths shorter
than 18 cm (BP129). The compact sources were characterized into two groups: long lasting low variability sources
associated with supernova remnants (interacting with a dense ISM of density 104 cm−1), and rapidly evolving radio
supernovae interacting with the progenitor CSM. New global 3.6 cm and HSA 2 cm observations have now been
reduced (GC028). A number of sources show increases or decreases in flux density over 11 months of factors of ∼2
or 3. In some cases this behavior is explainable in terms of standard SNe models but in others (particularly amongst
the long lasting sources interpreted at SNR) this behavior is hard to explain. It may indicate a previously unknown
class of source or possibly a buried AGN. Given that we have demonstrated rapid variability we argue for 4 month
multi-wavelength sampling. This will allow us to (1) Fully fit standard SNe models to our probable Type IIn SNe.
(2) Check for more rapidly evolving classes of SNe and determine their rate of occurrence thus characterizing the
slope of the high mass IMF. (3) Elucidate the nature of the mysterious classes of rapidly varying SNe we have found.
(4) Stack multiple epochs to aid the search for source resolution.
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1 Background

Studies of Radio Supernovae (RSNe) and their remnants (SNRs) in starburst galaxies can potentially probe
ISM properties and stellar evolution in regions that are completely obscured at optical and IR wavelengths.
Observations of the evolution of young RSNe (< few yr) interacting with their pre-explosion circumstellar
medium (CSM) can constrain the wind properties of the progenitor stars (Weiler et al., 2002) and hence,
progenitor type and stellar evolution. At later times, when the ejecta reaches beyond the progenitors’ wind-
blown bubble and interacts with the denser ISM, the radio SNR phase begins, allowing us to use the radio
source as an in situ probe of ISM properties. Finally from the rate of newly observed RSNe/SNR we can
estimate the formation rate of massive (> 8M

⊙
) stars and compare to other estimates. This intercomparison

is one of the few ways to constrain the stellar IMF in these extremely obscured ULIRG nuclei. Detailed studies
of the nearest ULIRG Arp 220 are therefore vital to understand the linked issues of starburst IMF and the
calibration of SFR from radio and other indicators, as used in cosmological studies. Without understanding
Arp 220, it is not possible to claim an understanding of intense nuclear starformation in galaxies.

2 Previous Arp 220 Observations

2.1 18cm monitoring, EP049 and BP120 For over a decade, the ULIRG Arp 220 has been the subject
of a high sensitivity VLBI campaign to observe the evolution of a cluster of compact SNe/SNR sources
(Smith et al., 1998). A total of 49 such sources have been detected at 18 cm with 4± 2 new sources per year
(Lonsdale et al., 2006). Until recently these sources had not been detected at wavelengths shorter than 18 cm
(Rovilos et al., 2005). A breakthrough was made when Parra et al. (2007) first detected Arp 220 in a Eb–Ar
snapshot observation at 6 cm and subsequently detected 18 sources at three wavelengths (3.6, 6 and 13 cm)
in VLBA rapid response observations (BP129). Previous failures to detect the sources at short wavelength
turned out to be due to using a too distant calibrator (4.5 deg compared to the newly cataloged calibrator
used in BP129 with 0.5 deg separation). Parra et al. (2007) showed that amongst the new sources since the
Smith et al. (1998) discovery paper most (10/18) had peaked spectra and 18 cm variability consistent with
being SNe. In contrast, in the long lived sources (8/18), in all but one the 18 cm flux densities were stable.
These latter sources show a wide range of spectral shapes from flat to steep to peaked. It was argued that all
these objects were predominantly SNRs where the ejecta interacts directly with an ISM of density 104 cm−3.
Source W33 did not fit this picture, showing variability at 18 cm and a complex spectra. This object and
possibly the three flat spectrum sources were noted as possible AGN candidates (see recent arguments from
Downes & Eckart (2007) arguing for a buried AGN in Arp 220). The rate of appearance of new sources
in the SNe class was compared to the SFR inferred from the FIR luminosity and it was found that they
could only be consistent if every core-collapse supernovae produced an extremely luminous type IIn radio
SNe. Parra et al. (2007) offered various explanations including a very top heavy IMF or an extremely short
intense burst.

2.2 2.1 New High frequency Observations In 2006 we obtained 3.6 cm observations with a global array
(GC028A, November 2006) and at 2 cm with the HSA (GC028B, December 2006). Both used 256 Mbit s−1

recording. In addition 6 cm observations were conducted in May 2006 (GD017B) with EVN antennas
plus Ar and Gb. The 3.6 and 2 cm data have been reduced and the resulting images of the western
nucleus are shown in Figure 2 (Eastern nucleus images have only a couple of sources and are not shown).
Unfortunately the 3.6 cm data was marred by the complete loss of GBT (several months of fringe searching
at the correlator showed nothing) nearly all of Ar and two bad IFs at VLA27. The resulting map has a rms
noise of 38 µJy beam−1 wich is ∼twice expected. The 2 cm map noise is 18 µJy beam−1. Updated spectra
for respectively the new and long lived sources are shown in Figures 3 and 4. Preliminary results from these
two new images are exciting and include:

(1) Two previously undetected sources have been found (W57 at -420,+180 mas and W58 at -310, +215 mas
in Figure 2), these are almost certainly new SNe.

(2) Most of the the new or recent sources (see Figure 3) show spectral evolution as expected for evolving
powerful Type IIn SNe. Those with spectral peaks above 8 GHz in BP129 show rapid increases (factors
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of 2) in 8 GHz flux density within 11 months. Most other sources show gradual flux density decreases.
Sources E24 and W11 are exceptions and show decreases in 3.6 cm flux density by factors > 3. This is more
consistent with radio behavior in Type Ib/c, Type IIb or weaker Type IIL than Type IIn (see Figure 5).

(3) For most of the long lived sources (see Figure 4) variability at 3.6 cm is small consistent with a SNR
origin. A notable exception is W18 which almost doubled its flux density in 11 months. Modest variability
also occurred in the complex spectrum source W33. Parra et al. (2007) also found for these two sources
variability at 6 cm between the BP129 epoch and a small amount (2 hr) of reanalyzed archival data taken
2 yr earlier (BN022). Furthermore in W33 there is still a complex and hard to characterize spectra with a
large difference in flux density between 3.6 and 2 cm. This implies either a very steep spectral index (∼2.4)
or a very large variability in the 30 days between the 3.6 and 2 cm observations. Finally we note that while
2 from 3 of the candidate flat spectrum sources (top-row Figure 4) show a turndown at 2 cm, W10 remains
fairly flat with a 18–2 cm spectral index of ∼0.3.

(4) A first look at the images indicates that several sources are resolved, which would be consistent with
SNRs of diameter 0.2 pc (0.5 mas) as estimated by Parra et al. (2007). However being certain of this requires
more work since the source brightness is close to our detection limit (if flux is spread over 2 beam areas at
2 cm then obviously brightness goes down by a factor of 2). Tapered maps and careful analysis (and more
epochs) are needed to confirm this.

3 Proposed Observations

Our recently reduced data have revealed rapid changes in compact source flux densities at high frequencies.
Some of these variations are expected in standard SNe/SNR models, others are as yet totally unexplained
(e.g. in E24, W11, W18 and W33). We believe that these initial results strongly motivate multi-wavelength
(2,3.6, 6 and 13 cm) HSA monitoring every 4 months. These observations will be combined with less
frequent requests for very deep global observations at 18 cm and other frequencies. Specific goals of our HSA
monitoring proposal are:

(A) Monitoring probable type IIn SNe We have 8–10 apparently normal luminous evolving Type IIn
SNe sources. Lightcurves for this class have long falloff times but during their rise phase fluxes can double
within a year (see point 1 above). Monitoring 3 times per year is needed to characterize the (initially
exponential) rise and separate free-free absorption and synchrotron self-absorption effects. If the normality
of these sources can be confirmed this will be very valuable. Evolving within their progenitor wind blown
bubbles these sources are isolated from the dense ISM, and so can tell us about progenitor class and stellar
evolution in ULIRG nuclei. Their rate of occurrence are a measure of the death rate of the most massive
stars so constrain the top end of the stellar IMF. For SNe Type IIn detected in nearby (< 30 Mpc) galaxies
monthly or weekly multifrequency monitoring with the VLA is often done (constraining binary induced
oscillations in light curves). Imaging the more distant sources in Arp 220 require more observing resources,
but we get data for up to 10 such sources simultaneously with approximately 2 new ones every year, greatly
expanding the number of RSNe in this class observed.

(B) Detecting and monitoring other SNe classes. It was argued in point 2 above that the two rapidly
fading sources at 3.6 cm (E24 and W11) might not be Type IIn radio SNe but perhaps Type Ib/c, IIb or
IIL. Such SNe classes should be detectable at the distance of Arp 220 (see Figure 5 and caption). Because of
the infrequent (annual) sampling that has so far been done, it may be that many of these sources have been
missed. More rapid sampling would allow us to estimate their rate of occurrence and since these probably
come from less massive progenitors than Type IIn further constrain the IMF.

(C) Studying the oddball sources. Several sources show very strange variability and spectral behavior
(i.e. see in point 3 the rapid brightening of W18, the flat spectrum W10 and the complex spectrum/variable
W33). Dense time sampling with full spectral coverage is needed to understand these sources. Possibly one
of these is due to a buried AGN as proposed by Downes & Eckart (2007), in which case it might reveal itself
by a randomly varying lightcurve.

(D) Stacking of data. An expansion velocity of 5000 km s−1 gives a increase in diameter of 0.03 mas yr−1

so we expect many sources to be resolvable. However in order to check and confirm resolution of sources it
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is likely that several epochs are needed. These data can be stacked to increase the signal to noise and/or
fitted sizes checked between epochs.

4 Technical Details

We propose HSA 512 Mbit s−1 recording (possible at all antennas except the VLA27 which will observe at
256 Mbit s−1). We propose 4 epochs each separated by 4 months, with 15 hrs observations in each epoch
with time equally divided by 13, 6, 3.6 and 2 cm, achieving ∼15 µJy beam−1 noise per epoch per frequency.
We realize that Arecibo will not be able to observe 2 cm. In some configurations/frequencies the VLA27
synthesized beam will not cover both nuclei in these cases it will be pointed at the Western nucleus.

The data from this project will be part of two PhD theses. One student is already working on the
previous epochs (Rossa Hurley) and a new student will join in 2008. Reducing these kind of high frequency
data is straightforward (few days) inplying that there is no danger of not being able to analyze and digest
the information in the four months between the proposed epochs.
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Figure 1: From Parra et al. (2007), maps of the Western nucleus. Top panel shows 18 cm detections from
Lonsdale et al. (2006), with circle area proportional to 18 cm flux density. Bottom panel expanded view
of the high frequency BP129 detections in the rectangle defined by the upper panel. This is a gray scale
version of a color image which has red, green and blue representing the 13, 6 and 3.6 cm data respectively.
See original in online version of the paper, or at http://www.oso.chalmers.se/∼rodrigo/BP129
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Figure 2: Top panel. New 3.6 cm global image from GC028A (28th Nov 2006). Bottom panel. New (First)
2 cm HSA image from GC028B (28th Dec 2006). For both maps contours are plotted above 6 sigma.
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Figure 3: Updated spectra of new sources (sources detected since Smith et al. (1998)), interpreted by Parra
et al. (2007) as likely young SNe. Filled circles at 3.6, 6 and 13 cm are from project BP129 (epoch January
2006) and at 18 cm are from GD017B (March 2005). The data shown as crosses at 18 cm are from GD017A
(November 2003). New 3.6 cm data from GC028 (November 2006) are shown as squares and new 2 cm data
GC028B (December 2006) as diamonds. Upper limits (5 sigma) at these frequencies for E24 and W11 are
shown as triangles. The solid lines represent power law plus free-free absorption models fitted by Parra et
al. (2007) to the BP129 plus GD017B data.
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Figure 4: Updated spectra of the long lived sources known since Smith et al. (1998). These sources are
interpreted by Parra et al. (2007) as likely SNR candidates. Filled circles at 3.6, 6 and 13 cm are from
project BP129 (epoch January 2006) and at 18 cm are from GD017B (March 2005). The data shown as
crosses at 18 cm are from GD017A (November 2003). New 3.6 cm data from GC028 (November 2006) are
shown as squares and new 2 cm data GC028B (December 2006) as diamonds. Upper limits (5 sigma) at
these frequencies are shown as triangles. The solid lines represent power law plus free-free absorption models
fitted by Parra et al. (2007) to the BP129 +GD017B data
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Figure 5: Plot of luminosity versus rise time for radio detected SNe (Chevalier, 2006) sources peaking above
1027 erg s−1 will peak above 100 µJy at Arp 220 and should be detectable, so a large range of SNe classes
should be detectable and identified with short enough intervals between epochs.
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