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ABSTRACT

We present observations of the recently discovered super2@08iz in M82 with the VLBI High Sensitivity Array at 22 GHthe
Very Large Array at frequencies of 1.4, 4.8, 8.4, 22 and 43 Gdtrd the Chandra X-ray observatory. The supernova waslclear
detected in two VLBI images separated by 11 months. The sahiows a ring-like morphology and expands with a velocity of
23000 km s?. The most likely explosion date is in mid-February 2008. Titeasured expansion speed is a factor®higher than
expected under the assumption that synchrotron selfsatisnordominates the light curve at the peak, indicating thist absorption
mechanism may not be important for the radio emission. Werfinevidence for an asymmetric explosion. The VLA spectruawsh

a broken power law, indicating that the source was stillagdly thick at 1.4 GHz in April 2009. Finally, we report updanits on the
X-ray emission from SN 2008iz and a second radio transie@ty discovered by MERLIN observations.

Key words. (Stars:) supernovae: general, (Stars:) supernovaeididilz SN 2008iz, Radio continuum: general, Galaxies viittial:
m82

1. Introduction indicate that the supernova exploded behind a large gasstr du
cloud in the central part of M82. Thus, it has not been possibl

Radio supernovae (RSNe) are rare events and diieudi to to classify this supernova. However, since type la super@ov
study. So far, only about two dozen have been detected (arg not known to show strong radio emission, SN 2008iz is most
Weiler et al. 2002) and most of them are distant and weak. Félely a core collapse supernova, i.e. typgclbr I1.
radio supernovae have been imaged with Very Long Baseline Here we present the first VLBI images of SN 2008iz taken
Interferometry (VLBI) techniques, and the evolution ofittex- ~2.5 and~13.5 month after the explosion, a radio spectrum (at
panding shells has been studied in only four sources (SN@97@n age of~14.5 month) from 1.4 to 43 GHz and Chandra X-
SN 1986J, SN 1987A, SN 1993J). The best studied radio sup@y observations. Throughout the paper, we adopt a distaince
nova so far is SN1993J in M81. Following the expansion &.6 Mpc (based on a Cepheid distance to M81 determined by
the supernova allowed manyfidirent phenomena to be studfreedman et al. 1994).
ied (Marcaide et al. 1997, 2009a; Bietenholz et al. 20013200
Pérez-Torres et al. 2001, 2002a; Bartel et al. 2002, 2067), i )
cluding a measurement of the expansion speed, the dedaferad- Observations and data reduction
of the _shock_frc_Jnt, and the proper motion of the supernovll, she, ;- High Sensitivity Array observations at 22 GHz
for which a limit was obtained.

h di f briaht radi M82 was observed using the High Sensitivity Array includ-
o S e o Sooes o 2uBerneve M the NRAG very Long aseine Avay (VL6), the Very

' ' : ' ?_arge Array (VLA), the Green Bank Telescope (GBT), and the

tance as SN 1993Jiers the rare opportunity to study the evoluggesherg 100m telescope under project code BB255 on 2008
tion of another supernova in great detail and to make a comp, ay 03 and 2009 April 08. The total observing time at each
ison to SN 1993J. Prior to the results presented here, SN200 och was 12 hours. We used M81* the nuclear radio source

has only been detected in the radio band with the VLA at M81, as the phase calibrator and switched between M81*,

GHz (Brunthaler et al. 2009a), MERLIN at 5 GHz (Beswic .
et al. 2009), and the Urumgi telescope at 5 GHz (Marchili et a 82, and 3 extragalactic background quasars every 50 sscond

2010). There have been no reported detections in visibke lig 1 The National Radio Astronomy Observatory is a facility o€ th
and Fraser et al. (2009) report only a non detection in the negtional Science Foundation operated under cooperatieeamnt by
infrared on 2009 June 11. The non-detections at other wanshaAssociated Universities, Inc.
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in the sequence M81* — 0946924 — M81* — 09486848 — ‘ ‘ ‘
M81* — M82 — 1004-6936 — M81*, yielding a total integration
time of ~100 minutes on M82. J1048143 was observed every
~30 minutes to phase-up the VLA, and DA193 was observed as
fringe finder. The data were recorded with four 8 MHz frequenc || _
bands in dual circular polarization, with Nyquist samplangd 2
bits per sample (i.e., a total recording rate of 256 Mbt)s

Before, in the middle, and at the end of the phase referencing o - —
observations, we included “geodetic blocks,” where we plexe T
18-21 bright sources from the International Celestial Rafee
Frame (ICRF) at 22 GHz for75 minutes to measure the tropo-
spheric zenith delayftsets at each antenna (for a detailed dis®
cussion see Reid & Brunthaler 2004; Brunthaler et al. 2005). °
The geodetic blocks were recorded with 8 IFs of 8 MHz in left 2 [~
circular polarization. The first IF was centered at a freaqyenf
22.01049 GHz, and the other seven IFs were separated by 12.5, |
37.5, 100.0, 262.5, 312.5, 412.5, and 437.5 MHz, respdgtive
Here, only a single VLA antenna was used, which could observe
only five IFs at 0.0, 12.5, 37.5, 412.5, and 437.5 MHz reldiive 4 J@ -
22.01049 GHz.

The data were correlated at the VLBA Array Operations ‘ .
Center in Socorro, New Mexico. In the observation on 2008 May , | o
03, the data were correlated at the position of known wateema
emission (0955M515.38702 +69°40'44”.4676, J2000) with 128 . o
spectral channels per IF and an integration time of 1 second. ; |- e
The observation on 2009 April 08 was correlated at the positi
09'55M515.5500,+69°40'45".792, (J2000), close to SN 2008iz 0
with 16 spectral channels and an integration time of 1 second , o~

The data reduction was performed with the NRAO®
Astronomical Image Processing System (AIPS) in a standaﬁ(ﬁ
manner. First we shifted the position of M82 to the positién o= *
SN 2008iz using CLCOR in the observation on 2008 May 03
We applied the latest values of the Earth’s orientation para
ters and performed zenith delay corrections based on théges
of the geodetic block observations. Total electron contesps o
of the ionosphere were used to correct for ionospheric phase; | ' >,
changes. Amplitude calibration used system temperatuge me 9
surements and standard gain curves. We performed a “manual Q <
phase-calibration” using the data from J184843 to remove 4 {
instrumental phaseffsets among the frequency bands. Then, we 7 >
fringe fitted the data from M81* and performed an amplitude MilliARC SEC

self-calibration on M81*. In the observation on 2008 May OZjg 1. HSA contour plots of SN 2008iz at 22 GHz in May 2008 (top)
we additionally first performed a phase-self calibratiod &er  ang April 2009 (bottom). Contours start at 0.3 mJy (top),iy (bot-
an amplitude self-calibration on SN 2008iz. In the obseevat tom) and increase withvZ. The images are restored with a circular
on 2009 April 08, the inclusion of the phased VLA increasegeam of FWHM 0.2 mas (top) and 0.5 mas (bottom). The origieah
the noise in the images significantly, possibly due to a @bl sizes were 0.320.23 mas at a position angle e84° at the first epoch
with the phasing of the array (the VLA was in B-configuration)land 0.3%0.27 at a position angle ef40° at the second epoch.

Thus, we flagged the VLA data from this epoch.

illiIARC S
O

o T
w
i
N

2.2. VLA observation on 2009 April 27 (1.4-43 GHz) The data reduction was performed in AIPS and involved am-

We ob d M82 with the VLA on 2009 April 27 at 1.4, 4 gplitude ca_libra_tion of_ 3C 48 using source modgls, followgdhb

8 Z ozzse;\r/lg 43 GHVZVI for aetotal oobnserving tirinne of 2 hours V\Ehase calibration using J1048143 and an additional phase and
obs'ervéd with two fréquency bands of 50 MHz. each in dua] cfimplitude self-calibration on J1048143. The calibration was
cular polarization. 3C 48 and J104B143 were used as primarythen transferred to the.target source M82. We p_erformed one
flux density and phase calibrators, respectively. At 1.8, dnd phase-only seIf—caI|brat_|on on M82 at all frequencies gptet3

8.4 GHz, we used a switching cycle of six minutes, spendirig 12 Where the source is too weak.

one minute on the phase calibrator and five minutes on M82. We

repeated these cycles 5 times over the observations,yiedt > 3 chandra and Swift XRT observations

integration time 0~25 minutes at each frequency. At 22 and 43

GHz, we used a switching cycle of three minutes, spending ohke Chandra X-ray observatory (CXO) observed M82 on 2008
minute on the phase calibrator and two minutes on M82. TheSetober 4, and 2009 April 17 and 29. Each observation was
cycles were repeated 10 times during the observation,igi@gld taken with an exposure of about 18 ks. In these observations,
an integration time 0£20 minutes at these frequencies. the target was b the optical axis by more than 3 arcmin, where
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Table 1.Flux densities of SN 2008iz and two other supernova remnants SN 2008iz on 2009 April 27
in M82 from the VLA observation on 2009 April 27. sy *
Source frachz FascHz FeacHz Fa2cHz FazcHz
[mJy] [mJy] [mJy] [mJy]  [mJy]
SN2008iz 55.36.0 29.%45 13225 6.20.7 2504
44.014+596 - 14453 15.¢2.0 8.7%0.6 3.6:0.4
45.17612 - 8516 580.7 3.009 0.80.3 0.01

Flux density [Jy]

the point spread function resembles an extended ellipsericay
multiple pixels.

M82 was also observed with the Swift X-ray Telescope
(XRT; Gehrels et al. 2004; Burrows et al. 2005) on 2007 Januar
26, 2008 May 1, and 2009 April 25 with exposures of 4.6 ks, 5.0 % ; I
ks, and 4.7 ks, respectively. Due to the low resolution otéhe- Frequency [GHz]

SCOpE, the COIIECt.'On of known X-ray sources appears agQJ‘ES'nFig. 2. Spectrum of SN 2008iz taken with the VLA on 2009 April 27.
point-like source in the XRT data, so only count rates from thyso shown are a single power-law fit (dotted line) and twokero
conglomerate of sources were measured. The ddfarftom  power-law fits with a spectral index of 2.5 (solid line) ané 4dash-
heavy pile-up, which is accounted for by extracting coutgsa dotted line) in the optically thick part.

from an annular region around the central, piled-up locetio

The spectrum of SN 2008iz is shown in Fig. 2. First, we fitted
a single power-law spectrum to the data, which resulted &s&b
fit spectral index 0f-0.88+0.07. However, the fit has a large
3.1. VLBI images at 22 GHz reducedy? value of 2.6, due to the the 1.4 GHz value being too

. . .. low. Thus, to account for this, we also fitted the spectrunm\ait
We imaged the data of SN 2008iz from 2008 May 03 with B,oken power-law P

slightly super-resolved beam of 0:20.2 mas. The peak flux
density was 5.9 mJy beam the total emission was 32 mJy and v\¢ ,(L)"’”
we achieved an image rms of #9y beam?. The data from 2009 S(+) = So (V_o) (1 —eo ) ,
April 08 were imaged with natural weighting and a circulaaire
of 0.5x 0.5 mas in order to have more sensitivity to extendetheree and¢ are the spectral indices of the optically thin and
emission. Here, the peak flux density was 0.36 mJy béaime thick parts of the spectrum, arh and v, represent the max-
total emission was 4.3 mJy, and we achieved an image rms ofigium flux density and the peak frequency of the model spec-
uly beam?. trum. Since only one data point in the optically thick part of
The supernova was clearly detected in both epochs (dbe spectrum is not enough to fit the spectral index in that re-
Fig. 1). The source is already clearly resolved in the olasengion, we made two fits: one with a value for a synchrotron self-
tion on 2008 May 03 and shows a ring-like structure, typiocal f absorbed spectruns (=2.5), and the other with a steeper free-
a radio supernova. In the following eleven months the sourtree absorbed spectruni={4.5). The reduceg? for both cases
expanded and faded significantly. achieved a value of 0.9. The fit (usidg= 4.5) yields a spec-
tral index in the optically thin part o = —1.08 + 0.08 and a
. turnover frequency ofg = 1.51+ 0.09 GHz. While the spectral
3.2. VLA radio spectrum indexa is not afected by the choice @, vy changes slightly to

M82 was imaged at all frequencies using only data from base®> foré = 2.5. This indicates that the source was still optically
lines longer than 30.kto ensure that most of the extended emidhick and brightening at the lowest frequencies in April 2Qfor
sion in M82 is resolved out. Flux densities were extracted kgymparlsmn. SN 1993‘]. reached its peak at 1.4 GHBO days
fitting two-dimensional Gaussians to the images. fter the explosion; Weiler et al. 2002).

The measured flux densities of SN 2008iz and two other su-
pernova remnants that could be easily separated from fiusei 3.3, X-ray upper limits
background emission are listed in Table 1. The errors are est ) ] )
mated by adding in quadrature the formal error from the fit tbhe df-axis configuration and consequently the degraded angu-
the images, the ierence between peak and integrated flux del@ resolution, as well as the filise background, significantly
sities, and a 5% error allowing for uncertainty in the ovidtak dec_reas_ed_ the sensitivity of the_Cha_ndra r_neasurementsieThe
density scale. Furthermore, we added an additional 5% atrotection limit for these observations is estimated from thialt
1.4, 4.8, and 8.4 GHz, since we have more confusion from tRENssion around the radio position in a region with the samee s
extended emission at these frequencies. Note that the flux @S the point spread function. SN 2008iz is located closevte se
sity at 4.8 GHz is in good agreement with the flux densities oBl@l variable ultraluminous X-ray sources, but no emissias

tained with MERLIN a few days later (28:5 mJy) by Beswick detected at the position of the supernova. Muxlow et al. $200
etal. (2009). and Muxlow et al. (2010) report the discovery of a secondaadi

transient in M82 with the MERLIN telescope. This source ap-
2 Given the pile-up and uncertainty in the XRT astrometry oa thP€ared between 2009 April 24 and 2009 May 5 and is located at

order of a few arcseconds, attempting to separate any smgeflux a position with difuse emission background. It is surrounded by
from the other flux is practically impossible. a few point-like sources. There is no enhanced X-ray emissio

3. Results

(1)




4 Brunthaler et al.: VLBI observations of SN 2008iz:

at the location of this second radio transient on 2009 Aptibd 45 w w x x

2009 April 29. W |
In order to compare our results with those of SN 1993J, we

assume that physical properties are similar at a similas,age s} % %zooaMayos, 1

i.e., thermal bremsstrahlung emission with a temperatdire o E :

1.05 keV, abundances from Table 2, Column 4 of Zimmermann *[/ | |

& Aschenbach (2003), and an absorption column density & |/ i )

5.4x10?? cm2 (see Sect. 5.1). We then obtainga Bpper limit / \

for SN 2008iz of 1.%10% erg s? in the energy range 0.3-2.4

nsity [mJy;
N
T
L

keV. This is consistent with the X-ray luminosity of SN1993% | |

at a similar age and energy range (Zimmermann & Aschenbach - A 2009 April 08 (x5)

2003). it 3 ]
The 3 sensitivity at the location of the MERLIN transient, L s T

assuming a column density of 20cm2 and a photon power- % [ess**1 % ! S 1

law index of 1.7 (an approximation to a thermal bremsstnadplu 0 3 i}?&““iﬁwﬂﬂ

spectrum with a temperature of 10 keV, as seen in SN1995N; o 05 1 15 2 25

Fox et al. 2000), is found to be about x20*8ergs'in 0.3-2.4 Radius [mas]

keV, which we take as the upper limit for the X-ray luminosity Fig. 3. intensity of concentric rings of widths 0.05 mas in the image
The resulting count rates in the Swift XRT data (0.5-8.0 keMj)om 2008 May 03 and 2009 April 08. The flux densities in theoset

are 0.6@:0.02, 0.59:0.02, and 0.680.02 s* on 2007 January observation were scaled by a factor of 5. The vertical linesknhe

26, 2008 May 1, and 2009 April 25, respectively. There is ngosition of the peak and the radius where the intensity is 50%e

clear rise in total flux between the pre-SNe observation had teak level.

May 2008 post-explosion epoch-af5 days, and, while 815%

increase in count rate is seen in the final observation, this i ) o

consistent with BeppoSAX observations of the central negip determined than at the peak (where the profile is flat). Inorde

M82 showing variations on the order of 15-30% (2-10 keV) of avoid a running bias, it is important to use a similar ratio

hour time-scales (Cappi et al. 1999). Indeed, such intrivsii- SOUrce size to beam size (i.e. a dynamic beam) in each epoch.

ations are also seen over the course of each epoch in the XR¥s method will give a size which is equal to the real size of

observations as well. Given the complications with the @ah the expanding shell imes an unknown factor. This factok el

the intrinsic variability of the sources, strong consttsiare dif- Smaller for large values af (the measured sizes are smaller for

ficult. However, since no increase in flux density larger ttren 1arge values oh). Figure 4 shows the images of SN 2008iz at

intrinsic variability is seen, we can place an upper limittoe Poth epochs and an image of the second epoch with a dynamic

SNe X-ray flux of approximately 1:610* erg s (0.5-2.4 keV) beam.

on 2008 May 1 (assuming the same model as for the Chandra!t is important to note that the intensity profile is sensitiv
observations above). to the position of the central pixel of the concentric rings.

position dfset would smear out the intensity profile. This can
be seen in Fig. 5 where we plot the width of the intensity pro-

4. Expansion speed and explosion center file for different position fisets in the first observation. As ex-
. ) . pected, the width shows a strong dependence on the posffion o
4.1. Estimates of size and position set. We estimate the position of the center in the first epsch a

Estimating a physical size from the VLBI data is not straight 09'55"51°.55026,+69°40'45”.7913 (J2000). Note that the un-

ward, and diferent methods have been applied to determine tR@rtainty in theabsolute position is dominated by the uncertainty
expansion curves of several radio supernovae (e.g. Bartsl e Of the position of the phase referencing source M843.6 mas).
2002; Marcaide et al. 2009a,b). Estimating the source sitteel

image plane may haveunning biases (i.e., biases that depend, 1 5 common Point Method

on the source size) related to théfeient resolutions achieved

in the diferentimages (i.e., the structure is better resolved as thalifferent method to determine source size that uses the con-
source expands). One way to avoid such biases is to dge acept of a dynamic beam in a natural way is the Common-Point
namic beam, i.e., a similar ratio between source size and bealethod (CPM, Marcaide et al. 2009a). This method relies on
size (e.g. Marcaide et al. 1997) at each epoch. Here we use gbe existence of a point in the radial profile of the supernova
eral diferent methods to determine the source size. The resutaicture that remains unaltered under small changes icotfie

for each method are summarized in Table 2. volving beam. This point is closely related to the source §iz-
deed, the ratio between the radial position of this point ted
source radius is near unity; see Appendix A of Marcaide et al.
2009a, for details). In Fig. 6 we show the radial intensitg-pr
First’ we measured the intensity in concentric rings (Osms files of SN 2008|Z, CompUtEd .from.the azimuthal averagese)f th
width) using the AIPS task IRING. Examples of intensity proCLEAN models convolved usingfierent beams. The “common
files for both observations are shown in Fig. 3 together with fipoints” in the profiles can be clearly seen in the figure.

to the data. One can define the radiugy,Rvhere the intensity

falls to n% of the peak intensity, with any chosen valuenof o

Since R, can be multi-valued (i.e., the inner and outer radiif'l's' Model Fitting

we always use the outer radius. Fig. 3 shows thgdg(i.e. the Finally, we estimated the size from model-fitting to the lvilsi
peak itself) and Ry, values. A value 0h=50% has the advan- ities, using a simplified model of the supernova radio stmect
tage that the profile is much steeper and the position cantter beThis method may have undetermined running biases if the mode

4.1.1. Concentric Rings
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Fig. 5. The width of the intensity profile as a function of positiofi-o
set (relative to a reference pixel) in the observation on828ay 03
One pixel corresponds to 0.05 mas. Shown are posititsets in right
ascension+«) and declination (x).
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Fig. 6.Solid lines: radial intensity profiles of SN 2008iz at the tWioBI
epochs, computed usingfiiirent convolving beams (1.0, 1.1, 1.2, 1.3,
and 1.4 times the source radius at each epoch). The raditibpgsof
the common points at each epoch (see Section 4.1.2) are dnaitte
dashed lines.

tional width between 20 and 25%, as prefered by other authors
(Bartel et al. 2000, 2002; Bietenholz et al. 2003) or pretidiy
Chevalier (1982), could lead toftkrent source sizes. However,
the current data, based only on two epochs at one frequeacy, d
not allow a relaible statement about the true fractionakhviaf
SN2008iz. For the model-fitting, we used a modified version of
the subroutineropeLrit in the programvirmap (Shepherd et al.
1995), which fits a parameterized shell model to the real and

Fig. 4. HSA images at 22 GHz of SN 2008iz in May 2008 (top) andmaginary parts of the visibilities. The use of the real ameg-

April 2009 (middle and bottom). The bottom image is convdlvgth a
dynamic beam of 0.99 mas (i.e. the ratios of beam size andssize
are identical in the top and bottom images). The rings dethateest
fitted positions and radii from CPM in both epochs, i.e. 328 4680
uas.

is not a good representation of the true supernova emisgioe s
ture. We fitted the visibilities using a model of a spheridals
of 30% fractional width. This is the model that best descithe
structure of SN 1993J in Marcaide et al. (2009a). A smalkse-fr

inary parts of the visibilities (instead of amplitudes aragpes)
is more robust from a statistical point of view, especiatiythe
case of low signal-to-noise data, since the noise involaetié
data is gaussian-like (as assumed in the modelling algosith
based on a&? minimization).

4.2. Expansion speed

Using the R, value for the physical size, we obtain a radius
of 307 uas on 2008 May 03 and 146&s on 2009 April 08.
The measured sizes correspond to an average expansioro§peed



6 Brunthaler et al.: VLBI observations of SN 2008iz:

Table 2. Source sizes, expansion speeds, a lower limit for the eigrans
indexm, and explosion dates (in 2008).

Method Rooss  Rooos  Vexpme1 to m to

[uas] [uas] kms! (m=1) (m=0.89)
R100% 149 1008 15800 Mar05 >0.86 Mar 19
Rso% 307 1462 21200 Feb 02 >0.70 Feb 22 0. 05
Ras9 380 1676 23800 Jan?24 >0.66 Feb 14
CPM 320 1580 23100 FebO07 >0.71 Feb 25
MoDELFIT 320 1390 19600 Jan 22 >0.65 Feb 12

a) For a description of the flerent methods see Section 4.1.

(mas)

c of fset

1243puas yrt or ve=21200 km st. Extrapolating this expan-
sion back to a radius of zero and assuming constant expansi(y 0.05
(r < t" with an expansion indem=1) leads to an explosion date — -

to of 2008 February 02. However, a significant decelerati@n (i.

m < 1) would shift the explosion date to a later time. Since the
supernova was first seen in a VLA observation on 2008 March

24, one can use this to give a lower limit for the expansion in- -0.1
dexmof 0.7. Marchili et al. (2010) model the 5 GHz light curve 0.1 0. %EA of f sgt (ma_so) 05 -0.1
of SN 2008iz and find evidence of a modest deceleration with an

expansion inder=0.89 and an explosion date of 2008 February
18 (+6 days). Extrapolating the expansion seen on the VLBI im- Cross correlation ( C(a,3) )

ages backward using this expansion index, yields an exjplosj |0.98 |0. 96 |0.94 |0.92 |0.90 |0.88 |0.86 |0.84|0.82 |0.80
date of 2008 February 22. This value for the explosion date|is
in reasonable agreement with the estimate from the 5 GHz ligh
curve.
m a;li—zh eedrﬁ]S.ngg:g ;?Hg;?&i;ﬂ;gﬁgﬁ%gﬁ ;T(%g?]sair()enijpme ig. 7. Cross-correlation cdgcient,C(«, 6), between the images of the

> - wo VLBI epochs (scaling the first epoch to the size of the sdyoas
between 19600 and 23800 km'sSince the Fooss Values give a function of the coordinates of the explosion centers), taking as

a significantly lower expansion speed and a very late expitosireference the position of the maximu@ga, 5) (see Sect. 4.3).
date, we conclude that the §ge, values underestimate the true

source sizes significantly. Hence, we do not consider thake v

ues in the following analysis. Based on the information & thyjyo by an asymmetry in the explosion or in the circumatell

two VLBI images, we conclude that the explosion occured be-_ : N L )
tween 2008 January 22 and 2008 March 24. We get a lower Iira;]ed'um (CSM), i.e. a clump with higher density in the south

Est. A clumpy CSM is very common for red supergiant stars
for the expansion index ah >0.65, and an average expansio S - : : .
speed in the range of 19600 — 23800 kth s IZ'e.g. Smith et al. 2009) which are likely progenitors foisthu

. . ernova. Furthermore, a comparison of the 5 GHz light curve
Since the CPM source sizes should be very close to the rgﬂ[ﬁ the available 22 GHz data shows evidence for a clumpy

sizes, the expansion speed is very close to the averageof@lie ~g\ (Mmarchili et al. 2010

methods £22000 km s?, excluding Roo as discussed above), ( " ' )
and the explosion date is in very good agreement with the li
curve modeling, we adopt these values. The formal errorsiin

As mentioned in section 4.1.1, we also estimated the cen-
%rl)al position of the ring. We do not detect any significanftshi

) X . . he position, with an upper limit of 50 uas in right ascension
various fits are exceedingly sma_lll (of the order of). Since and 10Quas in declination. To verify the relative astrometric ac-
the systematic errors from theftdaren} methods are much larger,, ooy of the positions, we also imaged the three extratialac
the spread in velocities:(L650 km s*) and explosion dates:( background sources 0946924, 0948 6848, and 10046936.

! days_) better re_zflects our.uncerta|r?t|e5. The average position change between the two observations of
This expansion speed is much higher than the values reporiggl; « re|ative to these quasars is154as in right ascension and

in Brunthaler et al. (2009b). There are three reasons ferdist 55,53 a5 in declination, where the uncertainties are the stan-

crepancy. Firstly, the lower value was based on a prelingingfjarq deviatiod. Thus, we can rule out that any significant posi-
data reduction, without the data from the phased VLA and-with 4 shift is introduced by jet motion in M81*. We note thagth

out the geodetic block corrections. Secondly, the radiuthef angular separation of M82 to M81* is not larger than the angu-

b_rightest emission was used as an approximation for t_he:eow r separation between M81* and the three background gsiasar
size. However, as shown here, this method underestimages nce, systematic errors in the astrometry should be sifaita

true expansion speed. Thirdly, the sizes were measuredr/ hg" SOUrces.

from the images and this gave an overestimated size in the firs According to Chevalier (1982), the expansion of a supernova
epoch, where the source was still very compact. is self-similar, i.e., the source structure remains unatteegard-
less of the source size. This model of a self-similar expamsi
4.3. Expansion center, self-similarity, and anisotropic has been extensively tested with SN 1993J (e.g. Marcaide et a
expansion 1997, 2009a; Bartel et al. 2002). Although some deviatioors

The ring is not symmetric and the brightest region in both im-3 These values give & upper limits on the proper motion of M81 of
ages is the south-western part of the shell. This could beethu260 km s? in right ascension and 1270 kmtsin declination



Brunthaler et al.: VLBI observations of SN 2008iz: 7

: : : ‘ : :
200(2—1) — IRAM 30m & PdBI

self-similarity were found in the expansion of SN 1993Js thi

supernova kept its structure nearly self-similar for mdrant a

decade. If the expansion of SN 2008iz was also self-simiar b

tween our two VLBI epochs, the VLBI images obtained should..... ...

be equal (regardless of the global flux density scale) if vadesc &

the first image to the size of the second one and use the same

convolving beam for both images. However, the result ofisgal  soes04s-

the first VLBI image, to compare to the second one, depends on

the point in the image that is chosen as the center of expansio

Therefore, a direct comparison between the images, to check se-+040

self-similarity in the expansion, is not possible if the odinates

of the expansion center of the supernova are not known. d'55754°
In order to determine the coordinates of the expansion cen- . ) .

ter of the supernova independently from the method destribdd- 8. ?CO (J=2-1) intensity map of the central region of M82

above, we computedfiérent scaled versions of the image of th&om Weill et al. (2001) with the positions of SN 2008iz (stamy the

first VLBI epoch using dierent centers of expansion. The scale! %Rlilzl\éérigélgnééggoss). The contours correspond to 200, £00,

. . . T , , , and 2400 K krhsThe resolution of the obser-

images were obtained by scaling the positions of the CLEAN 0 1<’ 157 « 1.47 (~25 pc)

components of the model, according to the ratios of the super ' '

nova sizes reported in the previous section. We then used the

same beam to convolve the CLEAN model of the second epoch

and the resulting (scaled) CLEAN models of the first epocg. 2008iz is~ 1800 K kms!. Using the Galactic conversion

Fi_nally, we Compared the _resulting image; of the second ep tor Xco = 1.6x 102 cm2 (K kms 1)L, this corresponds to a

ywth the resulting (scaled) images of thg first epoch by cd]=npl1|_|2 column densityN(Hs) of ~ 29x 1072 <’:m*2. However, Weil

ing the cross correlation between both images: et al. (2001) find much smaller and spatially variable cosioer

factors from radiative transfer calculations, that leadrwaller

69°40'55"

b

2000
1500
1000

1 500

52° 50°
RA J2000

Cla, 6) = 213 x13(a.6) ) H, column densities. At the position of SN 2008iz, their coaver
’ > (li(a 5))2 XY (li)2 sion factor is~ 0.3x 10?°cm2 (K kms™1)~2 (their Fig. 10). This
AN i\'2 leads to an K column density of~ 5.4 x 10?2 cm~2. However,

o ) ) ) the CO observations were performed with a linear resolusfon
wherel; is theith pixel of the image of the second epoch and )5 e Thus, it is possible that the supernova is locatedhoehi
I1(a,6) is theith pixel of the scaled version of the image ok smaller cloud with much higher column density. We also note
the first epoch, taking the point(s) as the expansion center.that the'?CO line intensity at the position of the MERLIN tran-
Assuming a self-similar expansion, the coordinates of th&-m sjent is aimost 4 times smaller%00 K kms'2).
imum value ofC(a, §) are an estimate of the position of expan- Taking the latter value (8 x 10?2 cm2) for N(H,) and as-
sion center of the supernova, which gives us the coordirgitessming that all of the column is between SN 2008iz and us, we
the explosion. In Fig. 7we show th_e cross correlation of the i yarive a visual extinctiondy, of 24.4 mag. Here we have used
ages computed for flerent expansion centersy,6), expand- e relation between optical extinction and atomic hydrog-
ing the image of the first epoch according to the size estihatgn, gensity, N(H), derived by Gilver @zel (2009) from X-ray

with the CPM. ;he maximum correlation takes place at the cgpsorption data of a sample of Galactic SNRs, and assumed tha
ordinatesy = 09"55"51°.55025 andy = +69° 40'45".79133. 4| hydrogen is in molecular form, i.e., Ngh= 2 N(H). Such a

These coordinates do not change by more thare$0f we use, high'value of the extinction would explain the lack of an ot
instead, the size estimated with model-fitting to expandrihe counterpart.

age of Fhe fi_rst VLBI epoch. Thi; position agrees with the po- The derived extinction is much higher than toward SN 1993J
sition given in Sect. 4.1.1 to within 6@as and verifies that thef r which Richmond et al. (1994) discuss valuesAgf = 0.7 '
position of the expansion center has not changed between ﬁr\% 1.0 mag. With the e>'<tinction law given by Cardelli .et al.
tWO:c?(;)i(t:igiéll the value ofC(«, 6) at its maximum is a mea- (1989), A = 0.114 Ay, we calculate 2.8 mag for thié-band

Y, DAy . . (2.2 um) extinction. Fraser et al. (2009) report an even higher
sure of the degree of self-similarity (giodanisotropy) in the ex- K-band extinction of up to 11 mag based on their non-detection

pansion. The maximum cross-correlation of the images &, 1.9 3 U L :

X ; . pper limit on the absolut&-band magnitude of5 mag)
\(/)v%?si(? \t/t/]ee Ssih?nsgtztaeat(;) tiipmddg}ﬁi't?nag;g;tr}eh]lfé izfﬂé "%ﬂﬁi the assumption that the infrared light curve of SN 2008iz
v'ery’close to 1. which is the case of a pgrfect .self-simil Pehaves similarly to that of SN 1993J. Thus, SN 2008iz i=eith
sion. Therefore, we conclude that the expansion of SN ZOO%ery weak in the infrared, compared to SN 1993J, or behind a

was self-similar to a high degree between our two VLBI epoc:hs%]a"er but even denser cloud than estimated here.

5. Discussion 5.2. Expansion velocity and synchrotron self-absorption

Chevalier (1998) proposed a way to estimate the mean expan-
sion velocity of a supernova based on the radio-light cuna: a
The non-detection of SN 2008iz in the optical, infrared, Zrd assuming that synchrotron self-absorption (SSA) domstite

rays indicates that it exploded inside or behind a very denlight curve at the peak. If SSA is not the dominant absorption
cloud. Indeed, thé?CO (J2—1) line intensity map in WeiRl process at the peak of the light curve, then the estimateeof th
et al. (2001) shows a prominent cloud exactly at the positi@xpansion velocity is a lower bound to the real expansioocrel

of the supernova (Fig. 8). The line intensity at the positidn ity of the radio shell. Following Chevalier (1998), the ewtite

5.1. Column density and extinction
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Table 3. Comparison between SN 1993J and SN 2008iz.

Property SN1993J SN2008iz
spectral indexr -0.99 -1.08
Lschz [10%7erg st Hz Y] 1.5° 2.5
tpearto [days] 180 ~12¢¢
VvLBI [km s 14900 21200

L x_rayatt-220 days [1038 erg 51] ~ 8f <15

References: a) van Dyk et al. (1994); b) this work; c) Weilerk
(2998); d) Marchili et al. (2010); e) Marcaide et al. (1993);
Zimmermann & Aschenbach (2003).

mean expansion velocity at the peak of the radio-light cage
suming dominant SSA) is given by the following equation:

= 0.47
_P %
1Jy)

tp |\
lday, ’

Vssa(km ) = 5.3786x 106(5¢)0-053(

(o)

D
1Mpc

v

-1
1.0 GHZ) (

(3)
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et al. 2006). The larger velocities above are much highera(by
factor of 3— 22) than the predicted velocities from the model
of Chevalier & Fransson (2001), based on the high pressure ex
pected in the interstellar medium (ISM) of M 82. The expansio
velocity reported in this paper for SN2008iz is indeed adact

~ 40 larger than the predicted velocities in Chevalier & Fsmms
(2001), although of the same order-of-magnitude than theeve
ities reported in Beswick et al. (2006) for the other remeamt
M82, and the typical velocities of the other type Il super®v
observed to date.

Weiler et al. (1998) find a correlation between peak radio
luminosity at 5 GHz and the time between the explosion and
the peak in the 5 GHz light curve for type Il supernovae. The 5
GHz light curve of SN 2008iz from Marchili et al. (2010) gives
a peak luminosity o~ 2.5 x 10?’erg s Hz™! at ~120 days
after the explosion. These values are well within the scafte
the correlation. Thus it seems plausible that SN 2008izsis al
type Il supernova.

Since SN 2008iz and SN 1993J are located at very similar
distances, this allows a detailed comparison between tinese
supernovae. Several properties of both supernovae are summ
rized in Table 3. The radio spectral indices, the peak radgio |

whereg is the _ratio of the reIatiyisti_c particle energy density_tmninosities, rise times, and early VLBI expansion velositie
the magnetic field energy density (if we assume energy eguipsimilar (considering that the rise times and peak radio haosi-
tition, B = 75, Wherek ranges from 1 to 2000, see Pacholczyles can vary by several orders of magnitudes for type llaadi

1970, chapter 7} is the filling factor of the emitting region (we
assume a shell of width equal to 30% of the outer radius, whi
yields¢ = 0.66), F, is the flux density at the peak) is the dis-

supernovae). The non-detection in X-rays of SN 2008iz can be
altributed to absorption by the dense molecular cloud setrei
CO data.

tancey is the observing frequendy, is the supernova age at the

peak, and we use a spectral index —1 (see Egs. 11 and 13 of
Chevalier 1998).

6. Summary

For SN2008iz, Eg. 3 yields a mean expansion velocity (d& this paper we presented the first VLBI images, a VLA radio

pending on k) in the range 816A1800km s! at the peak of the

spectrum from 1.4 to 43 GHz, and Chandra X-ray observations

5 GHz radio light curve. Using an expansion index of 0.89s¢heof SN 2008iz. Our main results are as follows:

velocities translate into a mean expansion velocity in trege
7000- 10300 km st on 2009 April 27. This range of velocities

is a factor~ 2 smaller than the velocities estimated from our_

VLBI observations, thus indicating that, in contrast to tase

of SN1993J, SSA may not be the dominant absorption mech-
anism in the SN2008iz radio emission. This is also condisten_

with the results in Marchili et al. (2010) who were able to rebd
the radio light curve of SN2008iz assuming that SSe&s are

much smaller than free-free absorption (FFA) during the lerho

supernova expansion.

5.3. Comparison with other type Il radio supernovae

Estimates of the expansion velocities of other type Il raio

— The VLBI images separated by11 month show a shell-like

structure expanding with a velocity 6f23000 km s?.

The inferred expansion speed is a factor of 2 higher than

expected if SSA dominates the light curve, suggesting that

SSA is not important for the radio emission.

The most likely explosion date is in mid-February 2008, but

not earlier than January 22 and not later than March 24.

— We find a high degree of self-similarity between the two
VLBI observations and no evidence for an asymmetric ex-
plosion.

— The VLA radio spectrum is well fitted by a broken power
law with a turnover frequency of3+0.1 GHz and a spectral
index of—1.08 + 0.08 in the optically thin part.

— SN 2008iz is located behind (or inside) a large molecular

pernovae have been estimated from VLBI observations, aryd ve  cloud with an B column density of 541022 cm2 (on a

different results have been obtained. For instance, the mean

€Xscale of 25 pc), corresponding to a visual extinctiéa, of

pansion velocity of SN 1979C during the first year after explo 244 mag.

sion has been estimated to 4€10000- 11000 km s* (Bartel

— Due to the high column density, we obtain only upper limits

& Bietenholz 2003; Marcaide et al. 2009b); for SN 1986J, a ve- on the X-ray luminosity of 1.510°* and 1.510%%erg s*

locity of ~ 14700 km s! was obtained by Pérez-Torres et al.

(2002b), while Bietenholz et al. (2002) find 20000 knt s3
month after the explosion; Staveley-Smith et al. (1993prep
a mean expansion speed ©f35000 km s! during the first
years for SN 1987A before it slowed down+at800 km s?; for
SN 2004et, the expansion velocity was5700 km st (Marti-

~75 and~200 days after the explosion, which are consistent
with the X-ray luminosities of SN 1993J at similar ages. We
also obtain an upper limit for the X-ray luminosity of the
second radio transient of x20%® erg s* (in 0.3-2.4 keV).

Acknowledgements. This work is partially based on observations with the 100-m
telescope of the MPIfR (Max-Planck-Institut fiir Radigasbmie) at Eelsberg.

Vidal et al. 2007); and for SN 2008ax, an expansion velocity &y is a fellow of the Alexander von Humboldt Foundation in Gemy.

large as 52000 km™$ was obtained (Marti-Vidal et al. 2009).
Estimates of the expansion velocities of other supernona r
nants in M82 (the host galaxy of SN 2008iz) have also been
ported to range between 1500 and 11000 km~$ (Beswick

e
References

Bartel, N. & Bietenholz, M. F. 2003, ApJ, 591, 301



Brunthaler et al.: VLBI observations of SN 2008iz:

Bartel, N., Bietenholz, M. F., Rupen, M. P., et al. 2000, 8ce 287, 112

Bartel, N., Bietenholz, M. F., Rupen, M. P., et al. 2002, 4481, 404

Bartel, N., Bietenholz, M. F., Rupen, M. P., & Dwarkadas, V2007, ApJ, 668,
924

Beswick, R. J., Muxlow, T. W. B., Pedlar, A., et al. 2009, Thetlnomer’s
Telegram, 2060, 1

Beswick, R. J., Riley, J. D., Marti-Vidal, I., et al. 2006, NRAS, 369, 1221

Bietenholz, M. F., Bartel, N., & Rupen, M. P. 2001, ApJ, 55707

Bietenholz, M. F., Bartel, N., & Rupen, M. P. 2002, ApJ, 58132

Bietenholz, M. F., Bartel, N., & Rupen, M. P. 2003, ApJ, 59743

Brunthaler, A., Menten, K. M., Reid, M. J., et al. 2009a, A&99, L17

Brunthaler, A., Menten, K. M., Reid, M. J., et al. 2009b, GehtBureau
Electronic Telegrams, 1803, 1

Brunthaler, A., Reid, M. J., & Falcke, H. 2005, in ASP Confr.$30: Future
Directions in High Resolution Astronomy, 455—

Burrows, D. N., Hill, J. E., Nousek, J. A,, et al. 2005, Spaceefice Reviews,
120, 165

Cappi, M., Palumbo, G. G. C., Pellegrini, S., & Persic, M. 398stronomische
Nachrichten, 320, 248

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 3285

Chevalier, R. A. 1982, ApJ, 258, 790

Chevalier, R. A. 1998, ApJ, 499, 810

Chevalier, R. A. & Fransson, C. 2001, ApJ, 558, L27

Fox, D. W., Lewin, W. H. G., Fabian, A., et al. 2000, MNRAS, 31954

Fraser, M., Smartt, S. J., Crockett, M., et al. 2009, Thedksimer's Telegram,
2131,1

Freedman, W. L., Hughes, S. M., Madore, B. F.,, et al. 1994, ApJ, 628

Gebhrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJL G005

Guver, T. &0zel, F. 2009, MNRAS, 400, 2050

Marcaide, J. M., Alberdi, A., Ros, E., et al. 1995, Scienc&,21475

Marcaide, J. M., Alberdi, A., Ros, E., et al. 1997, ApJ, 4881t

Marcaide, J. M., Marti-Vidal, ., Alberdi, A., et al. 20094&A, 505, 927

Marcaide, J. M., Marti-Vidal, |., Perez-Torres, M. A., ét 2009b, A&A, 503,
869

Marchili, N., Marti-Vidal, 1., Brunthaler, A., et al. 201®&A, 509, A47

Marti-Vidal, I., Marcaide, J. M., Alberdi, A., et al. 200A&A, 470, 1071

Marti-Vidal, 1., Marcaide, J. M., Alberdi, A., et al. 2008&A, 499, 649

Muxlow, T. W. B., Beswick, R. J., Garrington, S. T., et al. POMNRAS, in
press, arXiv:1003.0994

Muxlow, T. W. B., Beswick, R. J., Pedlar, A., et al. 2009, Thstidnomer’s
Telegram, 2073, 1

Pacholczyk, A. G. 1970, Radio astrophysics. Nonthermatgsses in galactic
and extragalactic sources, ed. Pacholczyk, A. G.

Pérez-Torres, M. A., Alberdi, A., & Marcaide, J. M. 2001, A&374, 997

Pérez-Torres, M. A., Alberdi, A., & Marcaide, J. M. 2002a8A, 394, 71

Pérez-Torres, M. A., Alberdi, A., Marcaide, J. M., et al028, MNRAS, 335,
L23

Reid, M. J. & Brunthaler, A. 2004, ApJ, 616, 872

Richmond, M. W., Tréers, R. R., Filippenko, A. V., et al. 1994, AJ, 107, 1022

Shepherd, M. C., Pearson, T. J., & Taylor, G. B. 1995, in Billeof
the American Astronomical Society, Vol. 27, Bulletin of themerican
Astronomical Society, ed. B. J. Butler & D. O. Muhleman, 903—

Smith, N., Hinkle, K. H., & Ryde, N. 2009, AJ, 137, 3558

Staveley-Smith, L., Briggs, D. S., Rowe, A. C. H., et al. 1993ture, 366, 136

van Dyk, S. D., Weiler, K. W., Sramek, R. A., Rupen, M. P, & Bgia, N. 1994,
ApJ, 432,115

Weiler, K. W., Panagia, N., Montes, M. J., & Sramek, R. A. 208RA&A, 40,
387

Weiler, K. W., van Dyk, S. D., Montes, M. J., Panagia, N., & 18k, R. A.
1998, ApJ, 500, 51

Wei3, A., Neininger, N., Hittemeister, S., & Klein, U. 2004&A, 365, 571

Zimmermann, H. & Aschenbach, B. 2003, A&A, 406, 969



