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Abstract

Radio supernovae result from the collision between a supernova (SN) shock
and the progenitor’s circumstellar medium (CSM). Supernova 1987A in the Large
Magellanic Cloud, as the only nearby core-collapse supernova observed with a
telescope since its early stages, has allowed unique studies of the evolution of the
SN−CSM interaction and the complex structure of the resulting emission. This
thesis focuses on the radio evolution of the remnant of SN 1987A as the shock
wave impacts the dense CSM in the equatorial ring (ER).

The radio flux density of the remnant as a function of time and frequency is a
guide to the conditions at the shock front. The ongoing observing campaign of the
supernova remnant (SNR) with the Australia Telescope Compact Array (ATCA),
via flux density monitoring from 1 to 9 GHz, shows that the radio emission has
been increasing at an exponential rate since day ∼5000, with an e−folding time
of 2408 ± 227 days. This indicates that the propagating blast wave, and the
increasing shock volume associated with that, is interacting with an increasingly
dense region of the CSM, likely associated with the ER. Since the spectral index,
α (Sν ∝ να), has become flatter over time, the shock compression ratio has
increased by 14±3% from 2001 to 2009 and is currently estimated at 3.20±0.04.
The exponential increase of the radio light curve is likely a consequence of the
increased efficiency of the acceleration mechanism that generates synchrotron
radiation at the shock front.

New ATCA high-resolution images at 18 and 44 GHz have been used to inspect
the spectral index variations within the SNR and, thus, the spatial variations
of the compression ratio, cosmic ray density, and magnetic field strength. A
comparison with previous ATCA observations at 18 and 36 GHz highlights an
asymmetric expansion of the remnant, with expansion velocities on the eastern
lobe significantly higher than that measured on the western lobe. From the
high-resolution spectral maps at 18−44 GHz, it appears that a higher injection
efficiency can be associated with the eastern regions of the SNR, while regions of
flatter spectral index align and partially overlap with the optically visible ejecta.
A multi-wavelength comparison shows that the asymmetry direction of the radio
emission is consistent with that seen in contemporaneous X-ray observations,
but opposite to that of the Hα emission. This supports the hypothesis that the
remnant morphology might be due to an asymmetric explosion, rather than to
an asymmetric distribution of the CSM.

With the advent of Atacama Large Millimeter/submillimeter Array (ALMA)
in 2012, radio observations up to 672 GHz (λ 450 µm) have been possible. High-
frequency radio observations of the SNR are particularly effective in probing both
the non-thermal and thermal components of the emission, while providing con-
straints to its physical origin. To investigate the nature of the emission detected
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across the transition from radio to the sub-mm, we present a comprehensive spec-
tral and morphological analysis of the SNR with observations with the ATCA and
ALMA combined. An analysis of the emission distribution over the ER in images
from 44 to 345 GHz highlights a gradual decrease of the east-to-west asymmetry
ratio with frequency. We attribute this to the shorter synchrotron lifetime at high
frequencies. The non-thermal and thermal emission components are separated
with the assistance of a synchrotron template from the ATCA high-resolution
observations at 44 GHz, and a dust template from the ALMA observations at
672 GHz. Both the synchrotron/dust-subtracted images and the spectral energy
distribution indicate additional emission beside the main synchrotron component
(Sν ∝ ν−0.73) and the thermal component originating from dust grains at T ∼ 22
K. The residual emission is mainly localised west of the SN site, while the spectral
analysis yields −0.4 � α � −0.1 across the western regions, with α ∼ 0 around
the central region. These results suggest the presence of a pulsar wind nebula
(PWN) in the SNR interior, powered by a pulsar likely located at a westward
offset from the SN position. The PWN would have a swept-up shell velocity of
260 � vPWN � 410 km s−1, a magnetic field strength 1 � BPWN � 7 mG, and
an integrated radio luminosity Lrad ≈ 1033 erg s−1. The Lrad limit leads to an
estimate of possible pulsar period of ∼150 ms. For such a pulsar, in the absence
of holes in the ejecta, the dispersion measure would be higher than 1000 cm−3

pc.
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1 Introduction

1.1 Supernovae and supernova remnants
A supernova (SN) is a stellar explosion that drives the progenitor material into
interstellar space at tens of thousands of kilometres per second. The kinetic en-
ergy released by a SN, typically ESN ∼ 1051 erg, is first carried by the expanding
ejecta and then transferred to kinetic and thermal energies of shocked circumstel-
lar and interstellar medium. The shocked gas and relativistic particles produce
the thermal and non-thermal emissions of a supernova remnant (SNR).

Since early spectroscopic observations (Minkowski, 1941), two main types of
SNe have been identified: SNe Ia, thought to be the thermonuclear explosions of
accreting white dwarf stars; and core-collapse supernovae (CCSNe), i.e. the SN
happens when the iron core of a massive progenitor collapses into an extremely
compact object, such as a neutron star or a black hole (SNIb/Ic; SNII: IIb, IIL,
IIn, IIP, IIpec) (see Figure 1.1, from Turatto 2003). SNe Ia do not show hydro-
gen lines in their spectrum, have similar peak luminosity and, thus, have been
instrumental in the discovery of the accelerating expansion of the Universe (Perl-
mutter et al. 1999; Riess et al. 1998; Schmidt et al. 1998). SNe Ib/Ic are a special
subclass of CCSNe, as their progenitors lose their H envelope either because of
binary mass transfer or mass loss due to strong stellar wind (Langer, 2012). SNe
Ib show He I lines, while SNe Ic show none. SNe IIb appear to undergo strong
mass loss and have a low-mass H envelope at the time of the explosion, SNe IIL
show a linear (L) light curve when the their flux is plotted in magnitudes, while
SNIIn have narrow (n) emission lines (Chevalier, 2005). SNe IIP constitute the
bulk of SNII (see Figure 1.2 from Smith et al. 2011), as the ratio of IIP to IIL/b
rates is ∼ 10 and IIP to Ib/c is ∼ 5 (Heger et al., 2003). SN IIP have a plateau
(P) light curve, implying that the recombination wave releases its internal energy
by moving through a massive H envelope. The plateau phase starts shortly after
reaching the maximum luminosity, and its duration depends on the radius of the

1
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Fig. 1. The current classification scheme of supernovae. Type Ia SNe are associated
with the thermonuclear explosion of accreting white dwarfs. Other SN types are as-
sociated with the core collapse of massive stars. Some type Ib/c and IIn SNe with
explosion energies E > 1052 erg are often called hypernovae.

Only in recent years have late time observations contributed to differentiating
various subtypes.

The first two main classes of SNe were identified [88] on the basis of the
presence or absence of hydrogen lines in their spectra: SNe of type I (SNI) did
not show H lines, while those with the obvious presence of H lines were called
type II (SNII). Type I SNe were also characterized by a deep absorption at 6150
Å which was not present in the spectra of some objects, therefore considered
peculiar [16,17]. In 1965, Zwicky [143] introduced a schema of five classes but
in recent years the scarcely populated types III, IV and V have been generally
included among type II SNe.

In the mid-1980s, evidence began to accumulate that the peculiar SNI formed
a class physically distinct from the others. The objects of the new class, charac-
terized by the presence of HeI [58,63], were called type Ib (SNIb), and “classical”
SNI were renamed as type Ia (SNIa). The new class further branched into another
variety, SNIc, based on the absence of He I lines. Whether these are physically
distinct types of objects has been long debated [62,135]. In several contexts they
are referred to as SNIb/c.

Figure 1.1: The supernova classification scheme, which is based on optical spectroscopy and
bolometric light curve (lc). Type Ia SNe are associated with the thermonuclear explosion of
accreting white dwarfs. Type II SNe are associated with the core collapse of massive stars. The
classification of Type IIP and Type IIL is based on the lc shape, which is linear for Type IIL
and shows a plateau for Type IIp. Type Ib/c and IIn SNe with explosion energies ESN � 1052

erg are often called hypernovae (Turatto, 2003). Credit: Turatto (2003).

progenitor, the ejected mass, and the explosion energy (Popov, 1993).

The SN type is important for the determination of the SN central conditions,
which affect the core of a CCSN. CCSNe originate from progenitors with mass
greater than 8± 1M⊙ (Smartt, 2009). According to Heger et al. (2003), SNe IIP
come from stars of mass ∼ 9−25M⊙, SNe Ib/c from stars of mass � 35M⊙, and
SNe IIL/b from progenitor mass in the intermediate range.

CCSN progenitors evolve into an onion-like configuration, with an iron core
surrounded by successive layers of silicon, oxygen, neon, carbon, helium, and hy-
drogen. It is understood that the gravitational collapse goes through successive
stages of H, He, C, Ne, O, and Si fusion in the stellar core (Woosley & Janka,
2005). However, the process by which part of this gravitational energy is chan-
nelled to explosion remains controversial (Papish et al., 2014). The fusion of H
and He takes millions of years, while the last burning phase, i.e. fusion of Si, lasts
only two weeks (Woosley & Janka, 2005). After He burning, stellar evolution is
greatly accelerated by neutrino losses. For temperatures in the core Tc � 109 K,
a large thermal population of electrons (e−) and positrons (e+) is maintained.
As a result of ‘electron capture’, electrons and protons in the core combine to
form a neutron and a neutrino, as p + e− → n + νe, where p, n, and νe, are
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IIn consistent with normal LBVs (Gal-Yam & Leonard 2009), as
well as the most massive stars with violent pre-SN mass-loss (Smith
et al. 2007, 2010; Woosley et al. 2007).

If we relax the requirement that all of the most massive single
stars make successful SNe IIn, then the lower-right corner of Fig. 6
provides an attractive parameter space for massive stars that can
collapse to a BH without making an SN display. If, for example,
we allow all single stars above 50 M! in the Binary #2 scenario
to quietly make BHs, then the redistribution of the remaining mass
ranges for SNe II-P, II-L and IIn are still in rough agreement with
observational constraints. Of course, this would fail to produce the
very luminous SNe IIn that are thought to come from the most
massive stars.

A drawback of this Binary #2 scenario is that the initial mass
range for SNe Ic still reaches uncomfortably low masses, and there-
fore dominates most of the mass range for binary progenitors. Note
that if we allow some of the most massive stars in the binary channel
to undergo a quiet BH collapse, we would need to shift the boundary
between SNe Ic and Ib to even lower initial masses, exacerbating
this problem. Also, the Binary #2 scenario does not allow any SNe
Ic to come from single stars. This raises the question of the origin
and fate of single WR stars, which presumably arise from eruptive
LBV mass-loss in very massive stars or perhaps through strong
winds at supersolar metallicity. The next scenario allows some of
the most massive single stars to produce SNe Ic as well.

4.4 A hybrid scenario

One can, of course, play this game ad nauseum by adjusting the
fraction of SN progenitors that experience binary RLOF, and redis-
tributing the remainder among single stars in various ways. Fig. 7
shows an example of one ‘hybrid’ scenario, which is a compromise
between the standard view of single-star evolution and the Binary
#2 scenario. Here we have assumed that roughly half of the SN Ic

population (we take a fraction equal to 8.8 per cent of all CCSNe for
convenience, equal to the SNe IIn fraction) may arise from single-
star evolution, while the remainder of SNe Ic form via binary RLOF
along with SNe Ib (including Ibc-pec) and SNe IIb as before, so
that the binary RLOF fraction is 28 per cent in this hypothetical
scenario. The binary fraction may be somewhat different or may be
mass dependent, and one can adjust a version of Fig. 7 accordingly
to match precise values; the goal here is to be conceptual.

Although such a scenario may seem more complicated and some-
what ad hoc, it is well motivated, and balances several competing
factors. Among the most massive stars with initial masses above
23 M!, it allows single stars to die as either SNe Ic or IIn. This
may be the case if the efficiency of single-star mass-loss depends on
additional factors such as rotation or metallicity. One can imagine,
for example, that very massive stars may be unable to shed their H
envelopes if low metallicity or slower initial rotation rates weaken
their winds or tame the LBV instability. Under these circumstances,
massive stars might then die as SNe IIn if they suffer core collapse
while still in the process of attempting to shed their H envelopes.
Indeed, we noted in Paper II that SNe IIn tend to prefer smaller,
lower-metallicity galaxies. The remainder of more rapidly rotat-
ing single stars or higher-metallicity single stars might successfully
shed their H envelopes via winds or LBV eruptions and die as SNe
Ic. LBV eruptions do seem to be more catastrophic among the most
massive stars (Smith & Owocki 2006).

Aside from being hypothetical, this scenario has no obvious dis-
advantages in view of our knowledge of SN progenitors, and it has
some strengths as follows.

(1) It maintains very good agreement between the mass range
of SNe II-P and the inferred mass range of directly detected RSG
progenitors (Smartt 2009). Putting some of the SNe Ic back into the
single-star channel has the consequence that it lowers the upper mass
bound required for SNe II-P compared to the Binary #2 scenario,
improving the agreement with observations. Obviously, we could

Figure 7. Our favoured scenario, combining single and binary star evolution. This is the same as Fig. 6, except that now we have taken roughly half of the SNe
Ic (8.8 per cent of all CCSNe, to match the fraction of SNe IIn) away from the binary RLOF population and mixed them with the single-star population. SNe
Ic that arise from single stars are below the dashed line. Thus, in this scenario we assume that half of all single stars above "23 M! are able to shed their H
envelopes via winds or LBV eruptions, while the other half retains their H envelopes until just before core collapse, producing SNe IIn. The difference among
the most massive stars would depend on the efficiency of winds and LBV eruptions, which in turn may depends on properties such as metallicity or rotation.
The specific numbers shown here are meant to provide just one example of a potential hybrid scenario.

C# 2011 The Authors, MNRAS 412, 1522–1538
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Figure 1.2: Distribution of CCSNe according to the progenitor’s mass, based on data from
the Lick Observatory Supernova Search (see Smith et al. 2011, Figures 5–8). The distribution
is derived by combining both single and binary stellar evolution scenarios (Smith et al., 2011).
Credit: Smith et al. (2011).

the proton, neutron and neutrino. When the electrons meet and annihilate with
positrons, a neutrino–antineutrino pair, νe νe, is produced. As the e+e− pairs
become abundant, the energy drain in νe νe pairs accelerates at the expense of
gravitational binding (Janka, 2012). At this point, since the electron degener-
acy pressure support is reduced, the nuclei in the core naturally break up under
the extreme densities. The core becomes unstable and collapses to a neutron-rich
sphere ∼ 30 km in radius, which makes the proto-neutron star. When the density
is nearly twice that of the atomic nucleus, or 4 − 5 × 1014 g cm−3, the repulsive
component of the short-range nuclear force halts the collapse of the inner core.
The abrupt halt of the collapse of the inner core, and its rebound, generate a
shock wave, while the core’s outer half continues to crash supersonically into the
subsequently infalling layers. The core’s actual implosion takes within 0.5− 1 s;
the outgoing shock wave ejects the rest of the progenitor and makes the SN blast.

CCSNe eject the synthesised heavy elements into the circumstellar and inter-
stellar medium via high Mach number shock fronts. Forward shock velocities, vs,
can have Mach number, M = vs/cs ∼ 105, where cs is the speed of sound. The
evolving interaction of the shock fronts with the circumstellar medium (CSM)
leads to the SNR stage.
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A century after the discovery of cosmic rays (CR), there is strong evidence that
SNRs are sites of particle acceleration (Fermi-LAT collaboration, 2013), where
particles (electrons and protons) accelerated by the shock fronts can reach ener-
gies well above 1018 eV. As the CR spectrum can be fit by a constant spectral
index γ = 2.7, where NCR ∝ E−γ (Figure 1.3), particles at different energies are
likely accelerated by a similar mechanism (Helder et al. 2012). The acceleration
mechanism usually associated with the shock propagation is diffusive shock accel-
eration (DSA), also known as first-order Fermi mechanism (see Drury 1983, and
references therein). According to DSA theory, energetic particles at shock fronts
undergo spatial diffusion in a uniform magnetic field (see Jones & Ellison 1991,
for a review). However, if the magnetic field is not uniform, as is the likely case
in young SNRs, the charged particles can get partially trapped in the structures
of a stochastic or ‘braided’ magnetic field, while still gaining energy by scattering
between the upstream and downstream regions of the forward shock (Kirk et al.,
1996). The partial trapping results in a sub-diffusive particle transfer (sub-DSA),
as the particle density at the shock front is lower than it is far downstream. In
either case, as energetic electrons gyrate in the local magnetic field, they emit
synchrotron emission.

The synchrotron emission, Sν , is a power-law in frequency expressed as Sν(ν) ∝
να, where α < 0 is the synchrotron spectral index. Simplified synchrotron physics
tells us that emission at the frequency ν is primarily by electrons with energy
E ∝ 15

�
ν/B GeV, with ν expressed in GHz and the magnetic field strength,

B, expressed in µG (Reynolds, 2011). Therefore, synchrotron emission from GeV
electrons at the shock front is observed in SNRs at radio frequencies, while syn-
chrotron emitting TeV electrons are observed in the X-ray. The recent advent of
the Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope,
has made it possible to observe γ−ray emission from CR at GeV and TeV energies
in several SNR shells (Fermi-LAT collaboration, 2010). The emission mechanisms
for CR GeV γ−ray emission are linked to free-free (or bremsstrahlung) flux and
Inverse-Compton scattering (IC; Rybicki & Lightman 1979). The free-free emis-
sion is generated by CR collisions with gas swept up into the SNR shell (Cowsik &
Sarkar, 1980), while the IC scattering is due to seed photons that are up-scattered
to γ−rays. The emission mechanisms responsible for the TeV γ−ray emission re-
main under debate, although the TeV emission has been identified as dependent
on the magnetic field strength, via pion (π0) decay or IC radiation (Vink, 2004).

The stellar core of CCSNe leaves behind a neutron star (NS) or a black hole.
The concept of a SN as a transition from an ordinary star to a NS was first
suggested by Baade & Zwicky (1934), and, over 80 years, has been confirmed
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these lower energies is heavily modified by solar modulation. Therefore, it is
hard to determine the total energy budget in CRs from experiments directly.
Nevertheless, Webber (1998) reports an CR energy density in the Galaxy of
1.8 eV per cubic centimeter, correcting for solar modulation effects by using
Voyager and Pioneer data. Isotope studies show that CRs with GeV energies
diffuse out of the Galaxy in 15.0± 1.6 Myr (Yanasak et al., 2001). Galactic
supernova explosions can replenish these losses, provided that they transfer
∼ 10-20% of their kinetic energy (ESN = 1051 erg) into CRs (Hillas, 2005),
assuming two to three supernova explosions per century (Tammann et al.,
1994).

During a supernova explosion, the ejecta are expelled into the surrounding
medium with speeds as large as tens of thousands of kilometers per second.
The ejecta carry the kinetic energy of the supernova explosion and cause
high Mach number shock fronts in the interstellar medium. At the end of the
seventies, four independent papers proposed an acceleration mechanism for
charged particles that operates at high Mach number shocks (Axford et al.,
1977; Krymskii, 1977; Bell, 1978; Blandford and Ostriker, 1978). This mech-
anism concerns particles scattering up and down the shock front on turbulent
magnetic fields, thereby effectively gain energy each time they cross the shock
front. This process, called ‘diffusive shock acceleration’, naturally produces
energetic particles, with a power-law spectrum with index 2 (see Malkov and

Fig. 1 Cosmic-ray spectrum as observed by different experiments. Data compiled
by J. Swordy, courtesy to Klara Schure.

Figure 1.3: Cosmic-ray spectrum observed by different experiments (Helder et al., 2012).
The ‘knee’ feature marks the higher energy range associated with CR of extra-galactic origin.
Credit: Helder et al. (2012).

by the discovery of a number of pulsars in SNRs. As of the 1st of October
2014 (see http://www.physics.umanitoba.ca/snr/SNRcat), out of 329 galac-
tic SNRs, 108 are associated with a NS, a NS candidate or a pulsar wind nebula
(PWN). In detail, 90 SNRs are definitely associated with a pulsar, while a PWN
is detected or likely in 87 cases; 63 SNRs are associated with both a PWN and
a NS/pulsar. The evolution of a NS is shown in Figure 1.4. During the SN ex-
plosion, fallback of material from the progenitor may establish an accretion disk
around the NS. In particular, after the launch of the forward shock, the NS cools
and contracts, sending a rarefaction wave toward the ejecta. The rarefaction
wave decelerates part of the ejecta, which then falls back onto the NS (Colgate,
1971). The accreted material and its angular momentum are then responsible
for spinning up the NS. If the NS is in the strong fallback regime, the fallback
is likely to cause collapse to a black hole. The transition to a black hole is more
common for SNe IIL/b and SNe Ib/c (Chevalier, 2005).

http://www.physics.umanitoba.ca/snr/SNRcat
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Figure 1.4: Events surrounding the birth of a neutron star (NS) (see Figure 1 in Helfand
1998). A number of subset possible scenarios are shown along with "some speculations as to
what results in each case" (Helfand, 1998). B indicates the pulsar surface dipole magnetic
field, which is expressed in G; a typical value is B = Bs ∼ 1012 G (Manchester et al., 2005b).
While there is consensus on the lower progenitor’s mass that leads to CCSNe and NS formation
(Smartt, 2009), the upper limit is less certain, and could be anywhere in the range 20− 50M⊙.
Credit: Helfand (1998).

The evolution of the PWN depends on the interaction with the inner CSM, its
density and distribution, as well as the expansion velocities of the SN shocks (see
Figure 1.5). The shock expansion velocities, the density structure of the CSM,
and the fallback regime, depend on the mass loss of the progenitor, which in
turn relates to the SN type. With reverse shock deceleration, the fallback regime
changes as matter (mostly H) is brought back to the inner remnant, while the
forward blast wave splits into a number of transmitted and reflected shocks each
time it collides with dense CSM.
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Figure 1.5: Cartoon of the structure of pulsar-driven supernova remnants and snapshot of
hydrodynamic (HD) simulations. The HD simulation is from van der Swaluw et al. (2004), and
shows the density distribution in logarithmic scale for a SNR at the age t

SNR
∼1000 yr (van der

Swaluw et al., 2004).

Different aspects of circumstellar interaction can lead to different observable
SNR properties. Most SNRs from CCSNe show asymmetry to some degree, both
in terms of asymmetry of the emission from the shock front and asymmetry of
the ejecta. Such asymmetries are thought to have a common origin, which could
be either an asymmetric distribution of the CSM or an asymmetric explosion of
the progenitor. Anisotropically ejected gas would result in asymmetry in the fall-
back and, therefore, an asymmetric configuration of the ejecta. The asymmetric
progenitor’s explosion could also explain the initial high velocities or, natal kicks,
of the NS (Janka, 2012), which might lead to an off-centre position of the PWN.

SNRs, inclusive of NS/PWN, emit across the entire electromagnetic spec-
trum, but radio remains the spectral region in which SNRs are most consistently
identified. Green’s catalogue of Galactic SNRs (http://www.mrao.cam.ac.uk/
surveys/snrs/) lists 294 objects (Green, 2014), essentially all with determined
radio properties (Green 2009, 2014).

Over 450 SNRs have been found in nearby galaxies and listings are given
by Matonick et al. (1997), Urošević et al. (2005), Filipović et al. (2008), and
Pannuti et al. (2007). Currently the SN rate is estimated at one SN per galaxy
every 30 − 100 years, based on the study of ‘standard’ galaxies, with 80 − 90%
being SNe Ib or II (e.g. Cappellaro et al. 1997). Recent SNe are reported at
the rate of more than 1000 every year, e.g. 1466 SNe have been reported in 2013
and 1380 in 2014 (as of November; http://www.cbat.eps.harvard.edu/lists/
RecentSupernovae.html). Because of dust extinction in the Galactic Plane and
reddening effects of this interstellar medium (ISM), no Galactic SNe have been
observed since Kepler’s SN in 1604.

http://www.mrao.cam.ac.uk/surveys/snrs/
http://www.mrao.cam.ac.uk/surveys/snrs/
http://www.cbat.eps.harvard.edu/lists/RecentSupernovae.html
http://www.cbat.eps.harvard.edu/lists/RecentSupernovae.html
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The identification of the Crab Nebula (M1, NGC 1952) as the remnant of the
supernova in 1054 (Mayall & Oort, 1942) demonstrated that SNRs can last for
thousands of years after the SN event. The SN which produced the Cygnus Loop
(also known as Veil Nebula) occurred around 15,000 years ago (Levenson et al.,
1998).

1.2 SN 1987A: a peculiar supernova
SN 1987A occurred on February 23 in 1987, in the Large Magellanic Cloud (LMC)
at the edge of the H ii star-forming region known as 30 Doradus (also known as
Tarantula Nebula). SN 1987A was a SNII, primarily identified as Type IIP. The
light curve during the photospheric phase indicated energy input from 0.075M⊙
of newly synthesised 56Ni, which decayed to 56Co and, subsequently, to 56Fe (Mc-
Cray, 2007). However, given the absence of a significant plateau phase (see Fig-
ure 1.6) and the relatively faint maximum powered by radioactive decay (Fransson
et al., 2007), SN 1987A is considered a peculiar SN that defines an entirely sep-
arate class of SNII (Chevalier, 2005), which likely make less than ∼ 3% of all
CCSNe (Smartt, 2009).

Density inhomogeneities in the progenitor’s structure resulted in strong mixing
of the SN layers, which could not be explained by the classic models of spherical
explosions. In particular, instabilities during the explosion mixed all nucleosyn-
thesis products throughout the progenitor’s volume contained within the surface
velocity of ∼ 3000 km s−1, i.e. both the products of the late stages of stellar
burning, such as O, Ne, Si, and the radioactive elements synthesised during the
explosion (McCray, 2007). Such peculiarities are understood in the context of
the nature of the progenitor star, Sk −69◦202 (White & Malin, 1987), a blue
supergiant (BSG) (Arnett et al., 1989) with mass of ∼ 20M⊙ (Smartt, 2009).

Stars with initial masses in the range 8−25M⊙ should end their nuclear burn-
ing lives as a red supergiant (RSG), i.e. with an H envelope that gives rise to the
extended plateau emission. The fact that the progenitor of SN 1987A exploded
as a BSG, implies that the RSG evolved back to a BSG before the explosion
(Crotts & Heathcote 2000; Woosley et al. 1988). Models by Arnett et al. (1989)

16 http://hubblesite.org/newscenter/archive/releases/star/2010/30/image/a/
17 http://www.cfa.harvard.edu/sins/data/87A_3ringcircus.2.gif

http://hubblesite.org/newscenter/archive/releases/star/2010/30/image/a/
http://www.cfa.harvard.edu/sins/data/87A_3ringcircus.2.gif


1.2. SN 1987A: A PECULIAR SUPERNOVA 9
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
! !

1.2. SUPERNOVA 1987A: A PECULIAR SUPERNOVA 7

!

45The Messenger 127 – March 2007

ance of X-rays, originating from the 56Co 
decay. Further confirmation for the strong 
mixing of the layers in SN 1987A came 
from the line shapes of the infrared lines. 
The old models of spherical explosions 
had to be revised, and density inhomoge-
neities in the stellar structure were rec-
ognised as responsible for turbulent mix-
ing when the shock moved across such 
boundaries.

The next surprise was revealed by high-
spatial resolution observations with speck-
le cameras at the AAT and the CTIO 4-m 
telescopes. They independently found  
a ‘mystery’ spot close to the supernova. 
The nature of this phenomenon remains 
unclear, but it was a strong indication  
of broken symmetry. The asymmetry was 
also detected in polarisation observations 
of SN 1987A. 

The spectroscopic evolution provided 
further evidence for asymmetries in the 
explosion. The ‘Bochum event’ was a 
rapid change in the P Cygni profile of the 
H  line observed with the Bochum tele-
scope on La Silla (shown in Figure 2). It  
is the signature of a radioactive blob ris-
ing from the inner ejecta to the surface. 
The picture emerging from the observa-

Figure 1: Light curve of SN 1987A over 
the first 12 years. The figure marks 
some of the most important events in  
the history of the supernova (from 
Leibundgut and Suntzeff 2003).
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tions of the first several weeks was cer-
tainly more complex than what had ever 
been assumed of supernovae before.

Once SN 1987A entered the radioactive 
decline, one could have expected that  
it would become less exciting. Far from it! 
IUE observations started to detect an 
increase in flux of several high-excitation 
lines, like NV, N IV], N III], CV, C III], He II, 

Figure 2: Spectral evolution of SN 1987A as ob-
served with the Bochum telescope (Hanuschik and 
Thimm 1990). Important lines are marked at the 
bottom. The evolution covers the first 120 days and 
the redshifting of all lines is easily visible. The 
Bochum event is shown in the right panel displaying 
the H  evolution as the blueshifted excess.

mirrored by similar behaviour of [O III] 
and H  in the optical at about 80 days 
after explosion. These lines could not 
possibly come from the fast moving 
ejecta and were quickly recognised as 
originating from material outside the 
supernova, ionised by the soft X-rays 
from the shock breakout. From the high 
ionisation of these lines, a temperature 
of ~ 106 K at the shock breakout could 
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Figure 1.6: Optical light curve of SN 1987A over the first 12 years. The figure marks
some of the most important events in the history of the supernova. From Fransson et
al. (2007), as a colour version of the same figure by Leibundgut & Suntzeff (2003). The
insert shows also the light curves in U , B, and K bands, as from Suntzeff & Bouchet
(1990), up to 900 days after the explosion.

1.2 Supernova 1987A: a peculiar supernova
SN 1987A occurred on February 23 in 1987, in the Large Magellanic Cloud (LMC) at
the edge of the HII star-forming region known as 30 Doradus (also known as Tarantula
Nebula). SN 1987A was a SNII, primarily identified as Type IIP. However, given the
absence of a significant plateau phase (see Figure 1.6) and the relatively faint maximum
powered by radioactive decay (Fransson et al., 2007), SN 1987A is considered a peculiar
SN that defines an entirely separate class of SNII (Chevalier, 2005), which likely make
less than ∼ 3% of all CCSNe (Smartt, 2009). Density inhomogeneities in the progenitor’s
structure resulted in strong mixing of the SN layers, which could not be explained by the
classic models of spherical explosions. Such peculiarities are understood in the context of
the nature of the progenitor star, Sk −69◦202 (White & Malin, 1987), a blue supergiant
(BSG) (Arnett et al., 1989) with mass of ∼ 20M⊙ (Smartt, 2009).

8 CHAPTER 1. INTRODUCTION

Figure 1.7: 2010 HST image of SNR 1987A. Credit: NASA, ESA, K. France (Univer-
sity of Colorado, Boulder), P. Challis and R. Kirshner (Harvard-Smithsonian Center for
Astrophysics)16.

16 http://hubblesite.org/newscenter/archive/releases/star/2010/30/image/a/

Figure 1.6: Left – Optical light curve of SN 1987A over the first 12 years, from Fransson et
al. (2007), as a colour version of the same figure by Leibundgut & Suntzeff (2003). The figure
marks some of the most important events in the history of the supernova. The insert shows
also the light curves in U , B, and K bands, as from Suntzeff & Bouchet (1990), up to 900 days
after the explosion. Right – 2010 HST image of SNR 1987A. The bright stars at the edge of
the outer rings are known as Star 2 (S2, north) and Star 3 (S3, south). Credit: NASA, ESA,
K. France (University of Colorado, Boulder), P. Challis and R. Kirshner (Harvard-Smithsonian
Center for Astrophysics)16.

and Podsiadlowski (1992) show that massive stars can end as BSGs if the pro-
genitor is either a binary system or a rapidly-rotating single star (Langer, 2012).
The red−blue transition would have resulted in significant mass loss, while the
interaction of the fast BSG wind with the much denser RSG wind could plausibly
explain the complex CSM, ejected by the progenitor 20,000 years before the explo-
sion (Crotts & Heathcote 2000; Morris & Podsiadlowski 2007). The nebula has a
distinct triple-ring morphology (Figure 1.6), where each ring consists of ring-like
density enhancements of the CSM. The SN occurred at the centre of the inner
ring in the equatorial plane (equatorial ring, ER), while the two outer rings are
in planes almost parallel to the central ring plane but displaced by 0.4 pc above
and below the ER (Figure 1.7). The triple-ring structure has been reproduced
via simulations of a binary merger (Morris & Podsiadlowski, 2007) (Figure 1.8),
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Figure 1.7: Schematic view of the rings of the remnant of SN 1987A. The above image is
from 1998 HST data after colour enhancement (Credit: P. Challis)17. The colours emphasise
the separation of the progenitor’s debris (yellow/green), clumped in the central region, from
the ER (purple) and the outer rings (red).

however a consistent explanation is still needed for the detailed geometry of the
three rings, as well as for the abundances in the ER (Lundqvist & Fransson,
1996). The CNO abundances in the ER indicate that the the progenitor lost
most of its H envelope before the explosion (Fransson et al., 1989). According to
De Loore & Vanbeveren (1992), the anomalous abundances in the ER and ejecta
asymmetries (Larsson et al. 2013, and references therein) could be due to another
SN explosion that occurred ∼100,000 yr before 1987 in the binary system that
was the progenitor of SN 1987A. This would have led to the formation of a double
compact object system (e.g. NS–NS) embedded in the remnant.

About 3 hr before the shock breakout and optical brightening of Sk −69◦202,
neutrinos were detected during a short ∼13 s interval by three separate ground-
based detectors: the Kamioka Nucleon Decay Experiment (Kamiokande II; Kamio-
ka mine, Japan), the Irvine-Michigan-Brookhaven detector (IMB; Morton-Thiokol
salt mine, Fairport, Ohio), and the Baksan Neutrino Observatory (North Cau-
casus Mountains, Russia) (Alexeyev et al. 1988; Bionta et al. 1987; Hirata et al.
1987). A total of 25 neutrinos were detected out of likely 1058 νe produced from
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Figure 1.8: Left : View of the outer rings and ER as reproduced by Morris & Podsiadlowski
(2007), via simulation of a stellar merger. Credit: Morris & Podsiadlowski (2007). Right : 1994
HST image of SNR 1987A. Credit: NASA/ESA and C. Burrows (STScI).

the stellar explosion. This was sufficient to confirm the theory of neutron forma-
tion in core-collapse SNe (see Arnett et al. 1989, for a review), while marking the
start of extra-solar neutrino astronomy. The neutrino flash signified the birth of a
NS remnant, and, therefore, of a possible pulsar. It is worthwhile to mention that
∼ 5 hr before the Kamiokande II event, the Mont Blanc Underground Neutrino
Observatory (UNO; under Mont Blanc) recorded a series of 5 neutrinos grouped
within 7 s from each other (Aglietta et al., 1987). Such an event appeared to
be highly significant, but was not noticed by the other three detectors, which
had higher thresholds. Since the Mount Blanc detector was designed to detect
only Galactic neutrinos, most astronomers designated this event as a statistical
accident. An alternative explanation proposed for the UNO detection was that
the recorded event happened much closer than the LMC (Schramm, 1988). How-
ever, if real, this event would imply that the SN progenitor underwent a double
collapse, in which only the second one rebounded to generate the outward shock
that triggered the ultraviolet (UV)/optical burst (e.g. Voskresenskii et al. 1987;
Panagia 2000, for a review).

Several light echoes have been observed over the years around SN 1987A
(Figure 1.9). Light echoes are the integrated light from the peak phase reflected
off interstellar dust sheets between the SN and Earth. Light echoes have been
monitored with several telescopes and have been used to investigate the structure
and nature of the interstellar medium nearby the SN site and in the LMC (Rest
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capable of better resolving the inner debris, has insufficient surface brightness sensitivity to detect
an extended ring even if the ring emits more than half of the total flux. Thus, we propose a modest
(∼3 hour) time request now with the compact configuration to confirm the size of the inner debris,
rule out a ring-dominated scenario, and determine the optimal imaging parameters for a deeper
search for ring dust emission in Cycle 1.

Figure 1: Images of SN1987A and its equatorial ring in three bands. Left: HST WFC3 (March
2011, courtesy of P. Challis). Center: ATCA 36GHz (Potter et al. 2009). Right: Chandra HRC
(0.5–1 keV, April 2008, Ng et al 2009)

9 6 37

Figure 2: IR to mm spec-
tral energy distribution of
SN1987A. Mid-IR points from
Spitzer (Dwek et al 2008).
Far-IR points from Herschel
(Matsuura et al. 2011); APEX
point at 0.87 mm and ATCA
point at 3.2 mm from La-
kicevic et al 2011; remaining
ATCA points from Potter et al
2009. Location of the ALMA
bands 3, 6, 7 and 9 are indi-
cated. Models of dust and ra-
dio emission are described in
Lakicevic et al. 2011.

Opportunities for Public Promotion of ALMA:
Multiwavelength observations of SN1987A have a rich legacy of high-profile public releases,

from HST, Chandra, Spitzer, ATCA, and other telescopes. We will produce a short video showing
how the ALMA images morph in shape as wavelength canges, with a narrative explaining how
the images manifest different physical conditions and processes in this object and the unique
advantages of ALMA.
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Figure 1. Cartoon of the equatorial ring showing the inclination of the
environment at angles ix = 41!, iy = "8!, iz = "9!. The rotated cylindrical
coordinate system radial coordinate s# and vertical coordinate z# has z# parallel
to the plane normal.

corresponds to west on the plane of the sky, the positive Y axis is
north, and the positive Z axis points to Earth. The grid is a cube
with length 256 cells (3.36$1016 m) on a side. This corresponds
to an angular separation of 4.##5 at the assumed distance of 50 kpc,
and is enough to encapsulate most of the innermost hourglass
and expanding supernova shocks over a simulated period of
10,000 days. The somewhat low-resolution model was chosen
to permit reasonably fast and flexible model realization times of
around 10 hr for the complete inverse problem.

The equatorial ring and hourglass were inclined within the
grid using a series of counterclockwise rotations when looking
down the axis toward the origin. For example a positive Z
axis rotation is counterclockwise when looking toward the
origin from Earth. In Figure 1 is a cartoon of the inclined
environment (Sugerman et al. 2005) found a best-fit inclination
of the equatorial ring and hourglass at ix = 41!, iy = "8!,
iz = "9!. In practice we use a series of successive X, Y, and
Z rotations to achieve the observed inclination. The required
rotations are (xrot = 41!, yrot = "5!, zrot = "3!). Within
this inclined environment we use the Cartesian coordinates
(x #, y #, z#) and cylindrical coordinates (s #,!#, z#) centered on the
progenitor. If the environment were not inclined, the positive z#

axis would point to Earth and the angle ! would be measured
as a counterclockwise rotation from the X axis. We also use r,
the radial distance from the progenitor.

2.1.2. Model Features

Within our domain, the main components of the pre-
supernova environment surrounding SN 1987A are as follows.
Outward from the progenitor a supersonic, low density wind ex-
tends to a termination shock located at a radius approximately
3.5 $ 1015 m (0.##47). Exterior to the termination shock lies a
bipolar bubble of higher density hot, shocked BSG gas. Based
on the environment formation simulations in Appendix D we
found that the hot BSG wind re-accelerated to form another
shock at a Mach disk at a radius of 1.3 $ 1016 m (1.##8). The
expanding bubble is the driver that shapes the hourglass and
rings. The material at the edge of the bubble is referred to as the
H ii region (Chevalier & Dwarkadas 1995). The equatorial ring

Figure 2. Slice through the three-dimensional volume taken halfway along
the X axis. The variable shown is the base 10 log of the number density
(m"3). Earth is to the right and north is up. Features of the plot are the central
supernova envelope and BSG free wind region, the H ii region, hourglass, and
equatorial ring.
(A color version of this figure is available in the online journal.)

Figure 3. Same slice as in Figure 2 but in the log of temperature. The highest
temperature material is in the core of the progenitor and the shocked BSG wind.
(A color version of this figure is available in the online journal.)

lies within the H ii region at a distance of (6.4 ± 0.8) $ 1015 m
or (0.##86 ± 0.##1) (Plait et al. 1995; Sugerman et al. 2005) and
forms the waist of the hourglass. Exterior to the hourglass the
density fades to the background density as s #"3 near the waist
and as s #"4.5 at large |z#|.

In Figures 2, 3, and 4 are cross sections of the model
environment, obtained by slicing halfway along the X axis in
the log of particle number density, temperature, and velocity.
In Figure 2 we have labeled the main features of the model,
including the progenitor, free BSG wind, shocked BSG wind,
Mach disk, H ii region, and equatorial ring. Details of how we
arrived at the model will be discussed in forthcoming sections.
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SN 1987A had to be a binary (e.g., Morris 
and Podsiadlowski 2005). What hap-
pened to the companion is unclear and 
no trace of it – other than the rings –  
has been detected. Some theories sur- 
mise that the progenitor of SN 1987A was 
a merger, a star that had swallowed its 
companion. 

The prediction that the stationary ring 
would be reached by the supernova 
shock was made early on, but the exact 
date was debated. The radio flux of  
SN 1987A – after an initial short emission 
of a few weeks – started to increase 
again after about 1200 days (Manchester 
et al. 2002). This brightening has contin-
ued since then and was the first signal  
of the interaction of the supernova shock 
with the circumstellar environment. 

Similarly, the X-ray flux started to increase, 
and has continued to increase almost 
exponentially (Park et al. 2006, Haberl et 
al. 2006). Finally, after 10 years, a spot  
of optical emission appeared toward the 
North-East of the ring. And again this 
was a surprise: rather than having the 
shock reach a smooth ring more or less 
simultaneously, the ring appears to be 
more like spokes on a wheel with inward 
intrusions. Also, the expansion of the 
supernova shock may not be uniform but 
faster in some directions than others.  
The asymmetries in the explosion could 
be reflected in this interaction as well. 
Over the past few years the ring has con-
tinued to be lit up in various places  
and now resembles a pearl necklace (Fig- 
ure 3 right). The interaction is now observ-
able at all wavelengths from the X-rays 
(Chandra and XMM), the optical and infra-

red (all major southern observatories VLT 
and Gemini, HST), as well as the far infra-
red (Spitzer) and radio (ATCA), and a rich 
data set is being assembled. 
 
Several echoes, the integrated light from 
the peak phase reflected off interstel- 
lar sheets between the supernova and 
us, have been observed over the years 
around the supernova (see Figure 4). 
They have been monitored with several 
telescopes and have been used to  
map the interstellar material in the LMC 
near the supernova. 

The supernova ejecta themselves are 
now difficult to observe due to their faint-
ness and the increasing brightness of  
the inner ring, but it is becoming clear 
that they display an asymmetric shape. 
The details will have to be worked out 
from HST imaging and adaptive-optics 
observations from the ground. 

SN 1987A at twenty

Right now SN 1987A is undergoing anoth-
er transition from the supernova emission 
to the supernova shock interaction with 
the circumstellar material. The ‘three-ring 
circus’ of SN 1987A has become an em-
blematic picture of modern astronomy. 
The supernova shock has now reached 
the inner ring and we can observe in  
real time how it will work its way through 
the ring. 

At optical/near-IR wavelengths we can 
now distinguish five emission sites in  
SN 1987A: (1) the ejecta in the centre with 
a typical velocity structure of 3 000 km s–1; 

Figure 3: NTT image of the circumstel-
lar environment of SN 1987A (left; 
Wampler et al. 1990) and the ring in 
2003 as observed by HST (right).
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Figure 4: Expanding light echoes 
around SN 1987A. (ESO PR Photo 
08d/07) 

(2) the stationary extended ring with  
10 km s–1 expansion; (3) the shocked ma-
terial in the ring, visible in the hot spots 
and with velocities of about 300–500 km 
s–1; (4) the reverse shock moving back 
into the supernova ejecta with a velocity 
of up to 15 000 km s–1. In addition, the  
X-rays show evidence of shocked gas 
with a temperature of ! 108 K, which has 
not had time to cool down enough to be 
seen in the optical (Zhekov et al. 2006). 
We have observed these various compo-
nents in the optical with high-resolution 
spectroscopy with UVES (Gröningsson et 
al. 2006) and in the near-IR with ISAAC 
and – spatially resolved – with SINFONI 
(Kjær et al., in preparation). The UVES 
spectra show asymmetric line shapes for 
several coronal lines, which are produced 
by the same shocked gas that is respon-
sible for the soft X-rays (Figure 5). Our 
SINFONI data for the first time allow us to 
measure the velocity distribution around 
the ring, indicating how the shocks are ac-
celerating ring material (Figure 6). At the 
same time, the X-ray observations show 
a rich line spectrum complementing the 
optical/IR observations. The radio light 
curve is increasing, reflecting the produc-
tion of non-thermal electrons, and proba-
bly also cosmic rays, in the shock. Hot 
dust emission is seen by Spitzer, as well 
as by VISIR and Gemini (Bouchet et al. 
2006). 

The future

The coming years will provide exciting 
times (indeed!) and SN 1987A will remain 
the focus of observations with many 
telescopes. The destruction of the inner 

Figure 1.9: Left – Optical light echoes around supernova SN 1987A due to light scattering off
dust, as observed in 1988 with the ESO 3.6-metre telescope and EFOSC with a coronographic
mask. Credit: ESO PR Photo 08d/07. Right – Infrared light echoes around SN 1987A due to
dust re-radiation of the absorbed UV light. These light echoes were detected from 2001–2004
observations with the CTIO 4-m Blanco telescope, using the MOSAIC imager with a custom
VR filter (λc = 625 nm, ∆λ = 220 nm; Rest et al., 2005). Credit: Rest et al. (2005).

et al., 2005). The light echoes of SN 1987A show a distinct asymmetry, with
stronger echoes on the eastern side, and, thus, could provide insight into the
explosion mechanism and a connection to the SN–SNR asymmetry (Rest et al.,
2011).

1.3 CSM and SN debris
The interaction of the SN shock wave with the CSM in the ER is the most notable
feature of the remnant of SN 1987A. The ER has been shaped by the progenitor
mass-loss stages through the RSG−BSG transition. However it is still not under-
stood why its structure is concentrated into a circular ring rather than elliptically
or spherically distributed. With an expansion velocity of ∼10 km s−1 (Crotts &
Heathcote, 2000), the ER is practically stationary and has a diameter of ∼ 1.34
ly (∼ 1.��65) (Panagia, 1991); it is inclined at a 41◦ angle with respect to the line
of sight (Sugerman et al., 2005), with the northern part blueshifted (Grönings-
son 2008; Lundqvist & Fransson 1996) (Figure 1.10). With a mass estimated at
∼ 5.8×10−2 M⊙, the ER is made of relatively dense CSM (NH ∼ 103−104 cm−3;
Mattila et al. 2010) distributed in clumps. The first interaction of the shock wave
with these CSM clumps happened as early as 1995 March (day ∼2950; Lawrence
18 http://hubblesite.org/newscenter/archive/releases/2011/21/image/a/

http://hubblesite.org/newscenter/archive/releases/2011/21/image/a/
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capable of better resolving the inner debris, has insufficient surface brightness sensitivity to detect
an extended ring even if the ring emits more than half of the total flux. Thus, we propose a modest
(∼3 hour) time request now with the compact configuration to confirm the size of the inner debris,
rule out a ring-dominated scenario, and determine the optimal imaging parameters for a deeper
search for ring dust emission in Cycle 1.

Figure 1: Images of SN1987A and its equatorial ring in three bands. Left: HST WFC3 (March
2011, courtesy of P. Challis). Center: ATCA 36GHz (Potter et al. 2009). Right: Chandra HRC
(0.5–1 keV, April 2008, Ng et al 2009)
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Figure 2: IR to mm spec-
tral energy distribution of
SN1987A. Mid-IR points from
Spitzer (Dwek et al 2008).
Far-IR points from Herschel
(Matsuura et al. 2011); APEX
point at 0.87 mm and ATCA
point at 3.2 mm from La-
kicevic et al 2011; remaining
ATCA points from Potter et al
2009. Location of the ALMA
bands 3, 6, 7 and 9 are indi-
cated. Models of dust and ra-
dio emission are described in
Lakicevic et al. 2011.

Opportunities for Public Promotion of ALMA:
Multiwavelength observations of SN1987A have a rich legacy of high-profile public releases,

from HST, Chandra, Spitzer, ATCA, and other telescopes. We will produce a short video showing
how the ALMA images morph in shape as wavelength canges, with a narrative explaining how
the images manifest different physical conditions and processes in this object and the unique
advantages of ALMA.
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Figure 1. Cartoon of the equatorial ring showing the inclination of the
environment at angles ix = 41!, iy = "8!, iz = "9!. The rotated cylindrical
coordinate system radial coordinate s# and vertical coordinate z# has z# parallel
to the plane normal.

corresponds to west on the plane of the sky, the positive Y axis is
north, and the positive Z axis points to Earth. The grid is a cube
with length 256 cells (3.36$1016 m) on a side. This corresponds
to an angular separation of 4.##5 at the assumed distance of 50 kpc,
and is enough to encapsulate most of the innermost hourglass
and expanding supernova shocks over a simulated period of
10,000 days. The somewhat low-resolution model was chosen
to permit reasonably fast and flexible model realization times of
around 10 hr for the complete inverse problem.

The equatorial ring and hourglass were inclined within the
grid using a series of counterclockwise rotations when looking
down the axis toward the origin. For example a positive Z
axis rotation is counterclockwise when looking toward the
origin from Earth. In Figure 1 is a cartoon of the inclined
environment (Sugerman et al. 2005) found a best-fit inclination
of the equatorial ring and hourglass at ix = 41!, iy = "8!,
iz = "9!. In practice we use a series of successive X, Y, and
Z rotations to achieve the observed inclination. The required
rotations are (xrot = 41!, yrot = "5!, zrot = "3!). Within
this inclined environment we use the Cartesian coordinates
(x #, y #, z#) and cylindrical coordinates (s #,!#, z#) centered on the
progenitor. If the environment were not inclined, the positive z#

axis would point to Earth and the angle ! would be measured
as a counterclockwise rotation from the X axis. We also use r,
the radial distance from the progenitor.

2.1.2. Model Features

Within our domain, the main components of the pre-
supernova environment surrounding SN 1987A are as follows.
Outward from the progenitor a supersonic, low density wind ex-
tends to a termination shock located at a radius approximately
3.5 $ 1015 m (0.##47). Exterior to the termination shock lies a
bipolar bubble of higher density hot, shocked BSG gas. Based
on the environment formation simulations in Appendix D we
found that the hot BSG wind re-accelerated to form another
shock at a Mach disk at a radius of 1.3 $ 1016 m (1.##8). The
expanding bubble is the driver that shapes the hourglass and
rings. The material at the edge of the bubble is referred to as the
H ii region (Chevalier & Dwarkadas 1995). The equatorial ring

Figure 2. Slice through the three-dimensional volume taken halfway along
the X axis. The variable shown is the base 10 log of the number density
(m"3). Earth is to the right and north is up. Features of the plot are the central
supernova envelope and BSG free wind region, the H ii region, hourglass, and
equatorial ring.
(A color version of this figure is available in the online journal.)

Figure 3. Same slice as in Figure 2 but in the log of temperature. The highest
temperature material is in the core of the progenitor and the shocked BSG wind.
(A color version of this figure is available in the online journal.)

lies within the H ii region at a distance of (6.4 ± 0.8) $ 1015 m
or (0.##86 ± 0.##1) (Plait et al. 1995; Sugerman et al. 2005) and
forms the waist of the hourglass. Exterior to the hourglass the
density fades to the background density as s #"3 near the waist
and as s #"4.5 at large |z#|.

In Figures 2, 3, and 4 are cross sections of the model
environment, obtained by slicing halfway along the X axis in
the log of particle number density, temperature, and velocity.
In Figure 2 we have labeled the main features of the model,
including the progenitor, free BSG wind, shocked BSG wind,
Mach disk, H ii region, and equatorial ring. Details of how we
arrived at the model will be discussed in forthcoming sections.
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SN 1987A had to be a binary (e.g., Morris 
and Podsiadlowski 2005). What hap-
pened to the companion is unclear and 
no trace of it – other than the rings –  
has been detected. Some theories sur- 
mise that the progenitor of SN 1987A was 
a merger, a star that had swallowed its 
companion. 

The prediction that the stationary ring 
would be reached by the supernova 
shock was made early on, but the exact 
date was debated. The radio flux of  
SN 1987A – after an initial short emission 
of a few weeks – started to increase 
again after about 1200 days (Manchester 
et al. 2002). This brightening has contin-
ued since then and was the first signal  
of the interaction of the supernova shock 
with the circumstellar environment. 

Similarly, the X-ray flux started to increase, 
and has continued to increase almost 
exponentially (Park et al. 2006, Haberl et 
al. 2006). Finally, after 10 years, a spot  
of optical emission appeared toward the 
North-East of the ring. And again this 
was a surprise: rather than having the 
shock reach a smooth ring more or less 
simultaneously, the ring appears to be 
more like spokes on a wheel with inward 
intrusions. Also, the expansion of the 
supernova shock may not be uniform but 
faster in some directions than others.  
The asymmetries in the explosion could 
be reflected in this interaction as well. 
Over the past few years the ring has con-
tinued to be lit up in various places  
and now resembles a pearl necklace (Fig- 
ure 3 right). The interaction is now observ-
able at all wavelengths from the X-rays 
(Chandra and XMM), the optical and infra-

red (all major southern observatories VLT 
and Gemini, HST), as well as the far infra-
red (Spitzer) and radio (ATCA), and a rich 
data set is being assembled. 
 
Several echoes, the integrated light from 
the peak phase reflected off interstel- 
lar sheets between the supernova and 
us, have been observed over the years 
around the supernova (see Figure 4). 
They have been monitored with several 
telescopes and have been used to  
map the interstellar material in the LMC 
near the supernova. 

The supernova ejecta themselves are 
now difficult to observe due to their faint-
ness and the increasing brightness of  
the inner ring, but it is becoming clear 
that they display an asymmetric shape. 
The details will have to be worked out 
from HST imaging and adaptive-optics 
observations from the ground. 

SN 1987A at twenty

Right now SN 1987A is undergoing anoth-
er transition from the supernova emission 
to the supernova shock interaction with 
the circumstellar material. The ‘three-ring 
circus’ of SN 1987A has become an em-
blematic picture of modern astronomy. 
The supernova shock has now reached 
the inner ring and we can observe in  
real time how it will work its way through 
the ring. 

At optical/near-IR wavelengths we can 
now distinguish five emission sites in  
SN 1987A: (1) the ejecta in the centre with 
a typical velocity structure of 3 000 km s–1; 

Figure 3: NTT image of the circumstel-
lar environment of SN 1987A (left; 
Wampler et al. 1990) and the ring in 
2003 as observed by HST (right).
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Figure 4: Expanding light echoes 
around SN 1987A. (ESO PR Photo 
08d/07) 

(2) the stationary extended ring with  
10 km s–1 expansion; (3) the shocked ma-
terial in the ring, visible in the hot spots 
and with velocities of about 300–500 km 
s–1; (4) the reverse shock moving back 
into the supernova ejecta with a velocity 
of up to 15 000 km s–1. In addition, the  
X-rays show evidence of shocked gas 
with a temperature of ! 108 K, which has 
not had time to cool down enough to be 
seen in the optical (Zhekov et al. 2006). 
We have observed these various compo-
nents in the optical with high-resolution 
spectroscopy with UVES (Gröningsson et 
al. 2006) and in the near-IR with ISAAC 
and – spatially resolved – with SINFONI 
(Kjær et al., in preparation). The UVES 
spectra show asymmetric line shapes for 
several coronal lines, which are produced 
by the same shocked gas that is respon-
sible for the soft X-rays (Figure 5). Our 
SINFONI data for the first time allow us to 
measure the velocity distribution around 
the ring, indicating how the shocks are ac-
celerating ring material (Figure 6). At the 
same time, the X-ray observations show 
a rich line spectrum complementing the 
optical/IR observations. The radio light 
curve is increasing, reflecting the produc-
tion of non-thermal electrons, and proba-
bly also cosmic rays, in the shock. Hot 
dust emission is seen by Spitzer, as well 
as by VISIR and Gemini (Bouchet et al. 
2006). 

The future

The coming years will provide exciting 
times (indeed!) and SN 1987A will remain 
the focus of observations with many 
telescopes. The destruction of the inner 

Figure 1.10: Left – Image of the ER as from HST observations made in 2010. The image is
superimposed with observations of the inner ejecta, shown with enhanced colour scale. Credit:
NASA, ESA, R. Kirshner and P. Challis (Harvard-Smithsonian Center for Astrophysics)18.
Right – Cartoon of the ER showing the inclination of the environment at angles ix = 41◦,
iy = −8◦, iz = −9◦ (Potter et al., 2014) (see there Figure 1). Credit: Potter et al. (2014).

et al. 2000), when a rapidly brightening emission spot, or optical ‘hotspot’, ap-
peared in the SW sector (PA 29◦) in images taken with the Wide Field Planetary
Camera 2 aboard the HST (Garnavichet al. 1997; Sonneborn et al. 1998). By
2003, about 30 bright spots had circled the entire ER. The location of the bright
spots, just inside the ring (see Figure 1.10), and the long duration of the emission
suggest the hotspots result from shocks that propagate into fingers of dense gas
that protrude inwards (Pun et al., 2002) (see Figure 1.11).

The ER emission observed at optical and UV wavelengths originates from in-
teractions with both the forward and the reverse SN shocks. The forward shock
propagating into the dense CSM creates a layer of hot/shocked gas, with pressure
that drives the reverse shock into the inner SN debris. The outer layer of the SN
debris consists mostly of partially ionised H and He gas that has been expanding
freely since the explosion. As H i atoms cross the reverse shock, these atoms are
ionised via the collision with ions in the shocked plasma. If the atoms are already
excited before becoming ionised, they produce Lyα (λ 1216 Å) and Hα (λ 6563 Å)
line emission (France et al., 2010). On average, approximately one Lyα photon
and 0.2 Hα photons are produced for every hydrogen atom crossing the reverse
shock (e.g. Heng & McCray 2007). Therefore, most of the observed Lyα is likely
produced by the shocked hotspots (France et al., 2010). From HST observations,



14 CHAPTER 1. INTRODUCTION

the hotspots emission is associated with Hα + [N ii] (λλ 6548, 6583 Å), as well as
[O i] (λλ 6300, 6364 Å), He i (λ 6678 Å), and [S ii] (λλ 6716, 6731 Å) (France et
al., 2010). The ER abundances, as inferred from both optical and near-infrared
(IR) data, include He/H∼ 0.17 ± 0.06, N/O∼ 1.5 ± 0.7, (C+N+O)/(H+He)
about 1.6 greater than the LMC value, and a Fe abundance consistent with that
of the LMC (Mattila et al., 2010). A high ratio of nitrogen/carbon atoms crossing
the reverse shock, N/C≈ 22±3, has been measured in recent HST data (France,
2014). Such N/C is ∼3 times higher than that previously inferred by Mattila et
al. (2010), and this indicates significant CNO processing after the ER ejection
(France, 2014).

In the centre of the ER sits the inner ejecta, i.e. the visible remains of the SN
itself (see Figure 1.10). Due to the radioactive decay of 44Ti, the ejecta has faded
since the explosion up to 2001. It then started to brighten again, as the result
of X-ray heating via the interaction with the reverse and reflected/inbound SN
shocks (Larsson et al., 2011). Since the ER optical emission has become increas-
ingly brighter, the ring has been outshining the ejecta since ∼1998, with emission
sites being brighter on the western side. The inner ejecta has been expanding
at ∼ 2000 − 3500 km s−1 (Kjær et al. 2010; Larsson et al. 2013) and changing
shape over time. The ejecta shape is not only determined by the distribution
of radioactively heated inner debris, but also by the distribution of interior dust
clouds, which likely obscure most of the actual optical and near-IR emission (Mc-
Cray, 2007). The ejecta optical morphology has evolved from a roughly elliptical
shape up to day ∼ 5000, to an irregular north-south elongated shape (Kjær et
al. 2010; Larsson et al. 2013), mostly extended along PA ∼ 15◦, with a ‘hole’ in
the middle (Larsson et al., 2011), which has been interpreted as a high-density
region filled with non-H emitting material (Larsson et al., 2013). Both the ejecta
elongation and velocity asymmetry in the Hα emission point to a non-spherical
anisotropic distribution of the SN debris and, thus, to a non-symmetric explosion
mechanism (Kjær et al., 2010). The H and He-rich ejecta has been expanding
above and below the ER plane (Fransson et al., 2013), while, consistently with
the ER, the Hα and [Si i]+[Fe ii] emission from the northern parts is blueshifted
and appears more redshifted in the southern sites (Larsson et al., 2013). In the
core, beside the higher abundances of Si and Fe detected with the Very Large
Telescope (VLT; Larsson et al. 2013), primordial Mg has been identified (Frans-
son et al., 2013).

The two visible outer rings (OR) in the SNR system, with a surface brightness
equivalent to ∼ 5− 15% of that of the ER (Tziamtzis et al., 2011), have not been

19 http://hubblesite.org/newscenter/archive/releases/2007/10/image/i/

http://hubblesite.org/newscenter/archive/releases/2007/10/image/i/
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Figure 1.11: Visualisation of the emission sites in the ER and the inner regions of the remnant.
Credit: NASA/ESA and A. Feild (STScI)19.

studied in the same detail as the ER. The OR have a diameter ∼3 times larger
than that of the ER, and extend ∼ 2.��5 to the north, and 2.��0 to the south of
the SN site. An hourglass structure that could connect the OR with the ER was
observed by Crotts, Kunkel & Heathcote (1995) with HST, however the reality of
such a feature is still under debate. The OR have probably the same abundances
as the ER (Maran et al., 2000) and a likely density of ∼ 103 cm−3 (Tziamtzis et
al., 2011), which lead to an OR age similar to that of the ER (Crotts & Heathcote,
2000). When the OR will be impacted by the SN blast wave, significant optical
re-brightening is unlikely, as the H ii region density in the direction of collision is
estimated at ∼50 cm−3 (Tziamtzis et al., 2011).
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1.4 Emission sites
As shown in early models of Type II SNRs (Chevalier 1982), when the SN shock
wave expands into the circumstellar gas a double-shock structure forms, consist-
ing of a shock front, which propagates outward into the CSM, or forward shock,
and a reverse shock front, which is formed as the high pressure gas behind the
forward shock wave expands and pushes back on the stellar ejecta. The reverse
shock front starts to move backward after the pressure of the shocked gas becomes
higher than the ram pressure of the ejecta.

In SNR 1987A, given the dense CSM in the ER, the hydrodynamics of the
interactions between the shock wave, the CSM, and the ejecta, is quite complex.
Ambient gas is compressed by the forward shock, while the ejecta are decelerated
by the reverse shock. Between the two shocks, reflected shocks form, due to
the forward and reverse shocks colliding with the dense CSM (Borkowski et al.,
1997), and propagate inward (Zhekov et al. 2009, 2010). In its current stage, the
remnant can be conceived as a structure including the following emission sites
(see Figure 1.11):

(a) the nearly static CSM in the ER shocked by the forward shock, which prop-
agates at ∼4000 km s−1;

(b) the shocked gas in the ER, visible in the hotspots and with velocities of about
300−500 km s−1;

(c) the CSM within the inner edge of the ER which, after being shocked by the
forward shock, is re-shocked by the reflected shocks and, then, re-compressed
further in the continuing collision of the unshocked ejecta with gas in the
equatorial plane;

(d) the ejecta in the inner regions shocked by the reverse shock, which moves
back to the SN debris;

(e) the unshocked ejecta in the centre, expanding at ∼ 3000 km s−1;

(f) the dust forming regions in the remnant interior;

(g) the nebula around a possible compact object, embedded in the dust/inner
debris, near the SN site.

The different types of emission originating from the shocked CSM in sites (a)–(c)
can be detected from X-ray to radio wavelengths. The radio and X-ray emission
originate from SNR regions which are distinct from the optical photosphere.
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heated and ionized by the flash of radiation
from the SN at the time of shock breakout.

The nebulosity appears to be the result
of a fast stellar wind from the immediate
progenitor of the SN sweeping up the slow-
er, denser wind from an earlier red-super-
giant phase. The early observations of the
SN are most compatible with the explosion
of a blue-supergiant star, that is, a relatively
compact star (3). This view is supported by
the few observations of the star from before
the explosion (8). The dense gas around the
SN, with its high abundance of nitrogen
implying that it has been through the CNO
nuclear burning process (7), provides the
best evidence for an earlier red, highly ex-
tended stellar phase. The dense ring around
the SN is circular, with a radius of 0.6 light-
year. When this size is combined with the
velocity of the ring, 10 km s�1, the time
since the red-supergiant phase is found to
be about 20,000 years, which is short com-
pared to the 107-year lifetime of the 20 MJ
progenitor star.

Early ground-based photographs of the
SN showed that the dense ring is part of a
more extended nebula, and models of the
interaction of the fast blue-supergiant wind
with an axisymmetric red-supergiant wind
have been carried out (9). In order to ob-
tain the central dense ring in the models, it
is necessary to have the density of the slow
wind in the equatorial plane be 20 times the
density of the wind in the polar direction.
The reason for such an aspherical, but axi-
symmetric, wind remains unclear, although
similar structures are inferred to exist in
planetary nebulae. One possibility is that a
binary companion was involved in the
equatorial mass loss. There is no direct ev-
idence for a binary companion, although
such a model may be attractive on other
grounds, including mixing of the progeni-
tor-star envelope and even the blueward
evolution of the star before the explosion
(10). The more conventional explanation
for the unusual blueward evolution is a
relation to the low heavy-element (11)
abundances in the LMC (3). The outer
rings (Fig. 1) present another challenging
problem for the models. They are not the
limb-brightened edge of an extended nebu-
la because there is little emission from in-
side the rings (6).

The circumstellar medium is the sur-
roundings into which the SN shock front is
expanding. In the early evolution of SN
1987A, the peak velocities that were ob-
served were about 40,000 km s�1. At that
speed, the outer shock radius in 1996 would
have been 1.1 light-years, larger than the
ring radius. The ring has not shown any sign
of shock interaction, so the shock front
must be decelerated by interaction with the
medium inside the dense ring and its ac-

companying shell. This interaction is best
observed by radio emission because the
shock wave gives rise to the acceleration of
relativistic electrons, resulting in radio syn-
chrotron radiation; this type of emission is
commonly observed in galactic SN rem-
nants. In the standard wind-interaction
model (9), the shock front first interacts
with the free wind from the immediate
progenitor star and subsequently with the
shocked, fast wind inside of the dense neb-
ula. The early radio emission from the SN
was compatible with interaction with the
progenitor wind (12). This emission faded
below detectability after 200 days, as ex-
pected given the decreasing wind density.

In 1990, radio emission was again detect-
ed from SN 1987A. The size of the source
was measured with the Australia Telescope,
and it was found that the source radius ex-
panded with an average velocity of 35,000
km s�1 during the first 1500 days, after
which the velocity slowed by an order of
magnitude (13). Since 1990, the radio flux
has increased approximately linearly with
time. There has been some modeling of the
radio emission in terms of shock acceleration
of electrons in a shock transition that is
mediated by cosmic-ray protons (14), but the
continued flux increase and constant spec-
tral index of the emission (13) have not
been explained. Although models for the
production of synchrotron radiation are not
well developed, the steady flux increase sug-
gests an increase in the injection of elec-
trons, and thus in the density of the material
that the shock wave is encountering.

Further and more direct evidence for an
increased density comes from the observed
x-ray emission from the supernova. The

x-ray emission has been increasing over the
past few years in a way that is consistent
with a turn-on at the same time as the radio
turn-on in 1990 (15). The radio and x-ray
behavior point to interaction of the shock
front with higher density gas beginning in
1990. A possible source of such gas is photo-
ionization of the swept-up red-supergiant
wind by radiation from the blue-supergiant
progenitor (16). The ionized region pro-
duced by the blue progenitor should extend
inward from the dense ring and have a
density of about 100 H atoms per cubic
centimeter (Fig. 2). This model can approx-
imately account for the radio turn-on and
the luminosity of the x-ray radiation. The
relatively low effective temperature of the
observed x-ray emission can be explained
by strong line emission (17). The N V (18)
emission line at a wavelength of 123.8 nm
should be detectable from the interaction
with the denser gas (17); a search for the
ultraviolet (UV) N V line will take place
with the UV spectrometer recently in-
stalled on the Hubble Space Telescope
(HST).

The interaction of the SN with the
denser ionized gas is expected to delay the
impact of the shock front with the dense gas
in the bright ring, with estimates of the
arrival time in the year 2005 � 3 (16) and
2007 (17). Its arrival is eagerly anticipated
because the cooling time for the gas will
become less than the evolutionary time,
and the shocked gas will cool from temper-
atures at which it primarily emits x-rays to
temperatures at which it primarily emits

Fig. 1. An image of SN 1987A and its environment

taken with the HST Planetary Camera. The image,

which was taken on 6 February 1996, spans

about 20 arc sec by 17 arc sec. The colors are a

result of combining images taken in the B (cen-

tered on 440 nm), V (550 nm), I (900 nm), and [N II]

(658.3 nm) wavelength bands. The nebulosity pri-

marily emits in the [N II] line. [Courtesy of R. Kirsh-

ner, P. Challis, and the Space Telescope Science

Institute]
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Figure 1.12: A schematic picture of the inferred surroundings of SN 1987A created by mass
loss before the supernova (Chevalier, 1997) (see Figure 2 therein). As in Chevalier (1997): the
horizontal axis is the equatorial plane, which contains the bright ring. The vertical axis is the
polar axis, about which the nebula is axisymmetric. RSG and BSG refer to RSG and BSG
wind material, respectively, and I-front to an ionisation front. The cool shell has a shock front
at its outer boundary. Credit: Chevalier (1997).

Since both radio and X-ray emission track the SN−CSM interaction, it ap-
pears that the interaction of the shock front with higher density gas began in
1990. According to Chevalier & Dwarkadas (1995), such gas would have formed
via photoionisation of the swept-up RSG wind by radiation from the BSG. In the
model developed by Chevalier & Dwarkadas (1995), the ionised region produced
by the BSG, with density NH ∼ 100 cm−3 (Chevalier, 1997), would extend inward
from the dense ER (see Figure 1.12). The SN interaction with this denser ionised
gas was then expected to delay the impact of the shock front with the dense gas
in the ER, with estimates of the arrival time in the year 2005 ± 3 (Chevalier &
Dwarkadas, 1995) and 2007 (Borkowski et al., 1997).

The ejecta emission from sites (d)–(e) can be detected via optical and X-
ray observations (see § 1.3), while the cold dust in (f) is emitting in the in-
frared (IR)/far-infrared (FIR). Near-IR observations with the Gemini South 8-
m telescope first identified 3 × 10−4 � Mdust � 2 × 10−3 M⊙ of warm dust
(90 < Tdust < 100 K) in the ejecta (Bouchet et al., 2004). From observations
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with the Herschel Space Observatory (Herschel), Matsuura et al. (2011) found
evidence of 0.4 − 0.7M⊙ of cold dust (17 ≤ Tdust ≤ 23 K) inside the ER, which
seems to have formed late after the SN explosion and to augment with time, as
new grains coalesce onto older dust (Wesson et al., 2014).

The emission associated with a young, partially obscured, compact object (g)
can span across the entire electromagnetic spectrum. However, HST observations
have yet to show evidence for additional energy input from a compact remnant,
while pulsar searches in the radio with the Parkes Observatory (Manchester,
1988, 2007) have been unsuccessful. Tentative detections in the optical and near-
IR (Middleditch et al., 2000) of a 2.14 ms pulsar have not been independently
verified. Taking into account the optical depth of the SN debris, detection of ra-
dio and FIR emission might be more likely in the early phases of a possible PWN.

1.5 Radio observations
Radio astronomy extends from m to mm wavelengths (30 MHz to 300 GHz)
and can capture the non-thermal emission from charged particles in SNRs, such
as synchrotron emission. Synchrotron emission is a radiation mechanism which
takes place when electrons are accelerated by shock fronts to relativistic and ultra-
relativistic speeds, via gyration along the magnetic field lines (Longair, 2011; Ry-
bicki & Lightman, 1979). For a single relativistic electron moving in the magnetic
field �B with a velocity �v (and corresponding Lorentz-factor γ), the synchrotron
spectrum peaks near the characteristic frequency νMax ≈ 0.3 νc, being the critical
frequency, νc, expressed as

νc =
3

4π

eB

me c
γ2 sinθ, (1.5.1)

where θ is the pitch angle between �B and �v. The time-averaged radiated power
of a single electron can be derived as

P =
2e4

3m2
ec

3

�
v

c

�2

γ2B2 sin2 θ. (1.5.2)

For γ sinθ � 1, it can be estimated that the electron loses half of its energy
(E = γme c2) via synchrotron radiation during the time

τe =
9

4

m3
ec

5

e4
γ−1B−2. (1.5.3)
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FIG. 2.ÈFlux densities for SN 1987A at 843 MHz between 1987 Feb-
ruary and 2000 May. The arrow indicates the start of the new measure-
ments presented in this paper. The dotted line shows a simple linear !t to
the data at epochs after day 3000. The partly obscured dashed line which
extends to day 2800 shows the DBK95 model !tted to the data from days
1000 to 2650.

the observed Ñux densities from day 3000 onward remark-
ably well. This rate of increase is signi!cantly higher than
that of 31.8 ^ 1.4 kJy day~1 observed between days 2100
and 2700 but not quite as high as the 70.9 ^ 2.3 kJy day~1
increase seen between days 1500 and 2100 (Ball et al. 1995).
The 843 MHz light curve shows no evidence of any depar-
ture from the linear increase between days 3000 (1995 May)
and 4820 (2000 May).

4.1. Template Image Subtraction
The need for a complex treatment of the observations of

SN 1987A has diminished as the supernova has increased in
strength. A simpler alternative method based on the sub-
traction of a template image representing the observed !eld
in the absence of emission from SN 1987A now provides
reliable Ñux density estimates, albeit with somewhat higher
uncertainties. This simpli!ed analysis uses the standard
data pipeline developed for the Sydney University Mol-
onglo Sky Survey (Bock, Large, & Sadler 1999), and a com-
parison of the technique with the more complicated
record-correction procedures developed for SN 1987A pro-
vides an invaluable test of its reliability. Details of the tem-
plate image subtraction estimates of the Ñux densities of SN
1987A for 48 observations between 1997 January 1 and
2000 May 5 are presented in Appendix C.

5. DISCUSSION

5.1. Up to 1995
The reappearance of radio emission from SN 1987A in

1990 July was !rst revealed by MOST observations at 843
MHz and is now attributed to the encounter of the expand-
ing supernova shock with a circumstellar density jump well
inside the circumstellar ring (BK92 ; Chevalier 1992 ;
DBK95). This interpretation is supported by the analysis of
images of the radio emission from SN 1987A made at 8.6
GHz using the Australia Telescope Compact Array
(Staveley-Smith et al. 1993 ; Gaensler et al. 1997). In particu-
lar, model !ts to superresolved images of the radio emission

suggest that the source of the radio emission was expanding
at only D2800 km s~1 in the period 1992È1995, much lower
than the average speed of 35,000 km s~1 required between
the time of explosion and the !rst imaging observations in
1992 (Gaensler et al. 1997). While this expansion speed is
not a direct measurement of the speed of the supernova
shock, it clearly indicates that the shock had undergone a
dramatic deceleration from its initial speed of greater than
50,000 km s~1 (Hanuschik & Dachs 1987), as would occur if
the shock encountered a signi!cant jump in the density of
circumstellar material (Chevalier & Dwarkadas 1995 ; Bor-
kowski et al. 1997) associated with a dense H II region inside
the circumstellar ring. The interpretation is also consistent
with the observed soft X-ray emission from SN 1987A
(Beuermann, Brandt, & Pietsch 1994 ; Gorenstein, Hughes,
& Tucker 1994 ; Hasinger, Aschenbach, & 1996),Tru" mper
though the X-ray evolution is relatively poorly sampled.

The only attempts to model the evolving second phase of
radio emission from SN 1987A are those of BK92 and
DBK95. Based on di†usive acceleration of electrons at an
evolving supernova shock, including modi!cation of the
shock hydrodynamics by the pressure of accelerated pro-
tons, their model !ts very well from switch-on to around
day 2600 (as shown in Fig. 2). BK92 and DBK95 proposed
that the switch-on and subsequent rise of the radio emission
resulted from the supernova shock encounter with a signi!-
cant jump in the density of the circumstellar material. Che-
valier & Dwarkadas (1995) placed this suggestion on !rmer
footing, indicating that a very large density jump was
expected at the inner boundary of a dense H II region sur-
rounding the progenitor. At times later than those con-
sidered by DBK95 (i.e., after about day 2600 or May 1995),
the model Ñux density reaches a plateau and then decreases
slowlyÈcontrary to the observations. The DBK95 model
has many limitations (such as assuming spherical sym-
metry) which rapidly become less tenable at such epochs.
No detailed model that combines a plausible distribu-
tion of the circumstellar material with a calculation of
the supernova shock hydrodynamics and which treats the
particle acceleration self-consistently has been developed
yet.

5.2. 1995 On
The optical brightening of the inner edge of the circum-

stellar ring that has been observed from mid 1996 on
(Garnavich et al. 1997, 1999, 2000 ; Pun et al. 1997 ; Bouchet
et al. 2000 ; Lawrence & Crotts 2000 ; Maran et al. 2000)
clearly indicates that the interaction of the supernova shock
and the ring is underway. Ha images show that an isolated
spot just inside the main ring brightened by roughly 50%
between 1994 February (day D2500) and 1997 July (day
D3750), and broadband (R) images indicate a brightening
by D33% occurring between 1996 February (day D3300)
and 1997 July (Garnavich et al. 1997). More recent reports
of R-band observations state that the brightening over the
4 yr prior to 1999 February are well !tted by a steady
increase in brightness, suggesting that the optical signature
of the interaction may have begun as early as 1995 Feb-
ruary (day D2900 ; Garnavich et al. 1999). This has been
con!rmed by the analysis of archival HST data by Law-
rence et al. (2000).

It is possible that the jump in the rate of increase of the
radio emission around days 2800È3000 and the subsequent

Figure 1.13: Radio light curve at 843 MHz up to day 5000 (Ball et al., 2001). Credit: Ball et
al. (2001).

Thus, the synchrotron losses of the emitting electrons and, in turn, the mor-
phology of the synchrotron emission, depend on the magnetic field strength.
Synchrotron losses become important during the particle acceleration process
especially in young SNRs, where, for smaller τe, the emission morphology can
only be matched by a non-linear acceleration process (Völk et al., 2005) or a
large magnetic field by the shock. An amplified magnetic field downstream of
the shock may facilitate CR acceleration to PeV energies (Bell, 2013). Amplified
magnetic fields have been detected in SNRs (Reynolds, 2011), and it has been
shown theoretically that there exists a plasma instability capable of amplifying
the downstream magnetic field by orders of magnitude (Bell, 2004).

The radio emission from SN 1987A was first detected two days after the arrival
of the neutrinos with the Molonglo Observatory Synthesis Telescope (MOST)
(Turtle et al., 1987). The peak flux density was reached at ∼ 130 mJy four
days after the explosion (Turtle et al., 1987), followed by a power-law decay
of the emission, which became undetectable from September 1987 (Ball et al.,
1995). It is understood that this radio outburst was due to the faster BSG wind,
which produced a short-lived radio emission when hit by the SN shock (Chevalier
& Fransson 1987; Storey & Manchester 1987). The radio emission re-appeared
above noise ∼3 years later. Gaensler et al. (1997) calculated that, between the
SN event and the second radio turn-on in mid-1990, the radio emitting regions
expanded at an average velocity of ∼35,000 km s−1, which is possible in a very
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Figure 3. 843-MHz radio light curve for G1.9+0.3 from 1988 to 2007.
Flux densities were calculated using a double Gaussian fit after polynomial
subtraction of the background (see text for details of the flux density and
error calculations). The solid line shows a least-squares fit with gradient
0.015 Jy yr!1 and a flux density of 1.23 Jy on 2005 January 1.

Figure 4. Comparison of the "1.4-GHz light curve of G1.9+0.3 with those
of other RSNe and SNRs of known ages. The MOST flux densities of
G1.9+0.3 have been scaled to 1.4 GHz assuming a spectral index of ! =
0.63. For clarity, the MOST data have been binned into three bins corre-
sponding to the three groups of measurements ("1990, "1998, "2005). The
RSNe are SN 1923A, SN 1950B, SN 1957D (all from Stockdale et al. 2006),
SN 1979C (Weiler et al. 1991; Montes et al. 2000), SN 1980K (Weiler et al.
1986; Montes et al. 1998) and SN 1987A (Staveley-Smith et al. 2007). The
SNRs are Cas A (with the 1965–1999 fading shown, extended for clarity;
Reichart & Stephens 2000), Kepler (SN 1604) and Tycho (SN 1572) (both
from Green 2004).

by the light curves of SN 1923A, SN 1950B and others, shown in
Fig. 4. The radio behaviour of RSNe is explained well by the models
of Chevalier (1982, 1998).

There are even fewer Galactic SNRs of known age. Cas A, the
youngest SNR of known age at "330 yr, Kepler (SN 1604) and
Tycho (SN 1572) are shown in Fig. 4. The radio emission we de-
tect from SNRs is due to the interaction between the shock and
the interstellar medium. Hence the radio emission from a young
SNR will increase once it has swept up enough of the surrounding

interstellar medium. The time-scale of this brightening is predicted
to be "100 yr (Gull 1973; Cowsik & Sarkar 1984).

Between the youngest SNR of known age (Cas A) and the oldest
RSNe of known age (SN 1923A), there is a gap in our observational
evidence which makes it hard to probe the period after the fading of
the radio emission from the RSN and before the SNR switches on.
Eck et al. (2002) conducted a search for radio emission from SNe
of a range of known ages, but did not detect any of the SNe that
occurred prior to SN 1923 (for example, SN 1885A and SN 1909A).
If the estimated age of 100–120 yr for G1.9+0.3 is correct, then
our measurements help constrain the flux density evolution in this
intermediate time range.

To explain the observed expansion rate measured by Reynolds
et al. (2008) and the new light curve presented here, we need to
reconsider some of the standard assumptions made when predicting
the luminosity evolution of SNRs. The radio luminosity L" of a
synchrotron source at a given frequency " is a function of the
energy spectrum of the ultrarelativistic electrons, the magnetic field
B present in the source and the volume of the source V, as given in
Longair (1994):

L" = A(!)V #B1+!"!! ,

where ! is the spectral index, A(!) is a constant and # is defined in
terms of the electron energy spectrum per unit volume:

N (E) dE = #E!(2!+1) dE.

Hence for a given frequency,

L" # V #B1+! .

If we make the assumptions that the expansion of the remnant is
adiabatic, and that magnetic flux freezing is applicable, then the
magnetic field strength decreases as B # r!2. Following Longair
(1994) we can derive that V# # r!2! and so

L" # r!2(2!+1) .

Now the time dependence of the luminosity is proportional to the
time dependence of the source radius, since the spectral index
! should not change during adiabatic expansion. Expressing the
change in radius with time as a power law with expansion parame-
ter m, r # tm, then

L" # t!2m(2!+1) .

During an ideal free expansion phase r # t, and in the Sedov phase
r # t0.4. Using the spectral index of ! = 0.63 given by Reynolds
et al. (2008) we would expect the luminosity to change as L" # t!4.5

in free expansion, or L" # t!1.8 in Sedov expansion.
If we fit the measured expansion rate given by Reynolds et al.

(2008) with a power law (assuming an age of 100 yr in 2008), we
get r # t0.55, implying L" # t!2.5 which is intermediate between
free expansion and the Sedov phase. Using our new light-curve
data we get L" # t. Clearly, to produce the observed increase in
luminosity, either the magnetic field strength or the energy density
of the relativistic electrons (or both) must be increasing with time,
rather than decreasing as assumed above. A similar conclusion was
drawn by Green et al. (2008). This scenario is supported by what
we know about older SNRs – extrapolating backwards from the ob-
served magnetic field strength in Cas A, the assumption of magnetic
flux freezing would result in an implausible magnetic field strength
in the progenitor star (Longair 1994). Hence at some period in its
evolution, the magnetic field strength must have undergone a pro-
cess of amplification. Simulations by Jun & Jones (1999) show
that a possible mechanism for this amplification is Rayleigh–Taylor
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Figure 1.14: Comparison of the 1.4-GHz light curves of radio SNe and SNRs (Murphy et al.
2008, see their Figure 4). As in Murphy et al. (2008): G1.9+0.3 (Murphy et al., 2008); SN
1923A, SN 1950B, SN 1957D (Stockdale et al., 2006); SN 1979C (Weiler et al. 1991; Montes et
al. 2000); SN 1980K (Weiler et al. 1986; Montes et al. 1998); and SN 1987A (Ball et al. 2001;
Manchester et al. 2005; Staveley-Smith et al. 2007). The SNRs are: Cas A, with the 1965–1999
fading shown extended for clarity (Reichart & Stephens, 2000), Kepler (SN 1604) and Tycho
(SN 1572), both from Green (2004). Credit: Murphy et al. (2008).

low-density inner CSM such as that surrounding Type Ib/Ic SNe. The expansion
velocity sharply decreased to vs � 7000 km s−1 from day ∼1200 (Gaensler et
al., 1997), when the radio emission started to increase (Ball et al., 2001) (Fig-
ure 1.13). It is noted that, while the remnant of SN 1987A appears much fainter
than other nearby radio SNe (see Figure 1.14), the fact that the flux density in-
crease has been sustained for several years is a unique trend in radio light curves.
As discussed by Ball et al. (2001), a change in the evolution of the 843 MHz radio
emission is evident around day 3000, which is ∼ 50 days after the epoch when
the first hotspot was observed (Lawrence et al., 2000). This feature is indicative
of the acceleration time, 50 � tacc � 100 days, required for the electrons to at-
tain sufficient energy to produce synchrotron emission. For an idealised shock,
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the time frame required for DSA can be expressed as tacc ∝ v2s/B (Reville et al.,
2013). Thus, considering that vs either remains constant or decreases as the shock
propagates, tacc ∼ 50 − 100 days would imply a significant increase of the mag-
netic field between the first density jump in the CSM, inside the ring, and the ER.

In young SNRs, the radio emission is distributed between the forward and re-
verse shocks (Jun & Norman, 1996), where particles are accelerated to relativistic
speeds, likely via non-linear acceleration mechanisms such as sub-DSA (Kirk et
al., 1996), while the magnetic field is amplified via CR current-driven instabilities
(Bell, 2004). In SNR 1987A, as the shock front impacts the ER and interacts with
the dense CSM in the ring, the shocks expand above and below the ER plane
(see Figure 1.15) and interact with high-latitude material (Potter et al., 2014).

The morphology of the non-thermal radiation emitted by relativistic electrons
accelerated in the remnant has been monitored with the Australia Telescope
Compact Array (ATCA) since 1992 using images at 9 GHz (Staveley-Smith et
al., 1992), with a spatial resolution of 0.��5 (Gaensler et al., 1997; Ng et al., 2008).
These images have provided insight into the characteristics of the radio emission
(see Figure 1.16; Ng, Zanardo et al. 2013), such as:

(i) the steady brightening, and the brightness local distribution;

(ii) the two-lobe morphology along the east-west direction, which evolves into
a ring-like structure;

(iii) the east-west asymmetry, with brightness peak on the eastern lobe.

The 9 GHz images have been crucial to estimating the remnant expansion rate
and, thus, the expansion velocity (vs) of the blast wave. The expansion velocity
of the shock front over the period 1992−2008 has been measured at ∼ 4000±400
km s−1 (Ng et al., 2008). According to simulations of the SNR evolution by Pot-
ter et al. (2014), which are calibrated with the 9 GHz data (Ng et al. 2008; Ng,
Zanardo et al. 2013), the forward shock began to encounter the ring around day
5400 and the reverse shock began to encounter the ring around day 6000− 6500
(Ng et al., 2008). Hints of deceleration have been detected around day 7200 (Ng,
Zanardo et al., 2013), which could indicate a new stage of the remnant evolution,
when the forward shock has fully engulfed the entire ER and is interacting with
the densest part of the CSM (Ng, Zanardo et al., 2013).
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Figure 1. Cartoon of the equatorial ring showing the inclination of the
environment at angles ix = 41!, iy = "8!, iz = "9!. The rotated cylindrical
coordinate system radial coordinate s# and vertical coordinate z# has z# parallel
to the plane normal.

corresponds to west on the plane of the sky, the positive Y axis is
north, and the positive Z axis points to Earth. The grid is a cube
with length 256 cells (3.36$1016 m) on a side. This corresponds
to an angular separation of 4.##5 at the assumed distance of 50 kpc,
and is enough to encapsulate most of the innermost hourglass
and expanding supernova shocks over a simulated period of
10,000 days. The somewhat low-resolution model was chosen
to permit reasonably fast and flexible model realization times of
around 10 hr for the complete inverse problem.

The equatorial ring and hourglass were inclined within the
grid using a series of counterclockwise rotations when looking
down the axis toward the origin. For example a positive Z
axis rotation is counterclockwise when looking toward the
origin from Earth. In Figure 1 is a cartoon of the inclined
environment (Sugerman et al. 2005) found a best-fit inclination
of the equatorial ring and hourglass at ix = 41!, iy = "8!,
iz = "9!. In practice we use a series of successive X, Y, and
Z rotations to achieve the observed inclination. The required
rotations are (xrot = 41!, yrot = "5!, zrot = "3!). Within
this inclined environment we use the Cartesian coordinates
(x #, y #, z#) and cylindrical coordinates (s #,!#, z#) centered on the
progenitor. If the environment were not inclined, the positive z#

axis would point to Earth and the angle ! would be measured
as a counterclockwise rotation from the X axis. We also use r,
the radial distance from the progenitor.

2.1.2. Model Features

Within our domain, the main components of the pre-
supernova environment surrounding SN 1987A are as follows.
Outward from the progenitor a supersonic, low density wind ex-
tends to a termination shock located at a radius approximately
3.5 $ 1015 m (0.##47). Exterior to the termination shock lies a
bipolar bubble of higher density hot, shocked BSG gas. Based
on the environment formation simulations in Appendix D we
found that the hot BSG wind re-accelerated to form another
shock at a Mach disk at a radius of 1.3 $ 1016 m (1.##8). The
expanding bubble is the driver that shapes the hourglass and
rings. The material at the edge of the bubble is referred to as the
H ii region (Chevalier & Dwarkadas 1995). The equatorial ring

Figure 2. Slice through the three-dimensional volume taken halfway along
the X axis. The variable shown is the base 10 log of the number density
(m"3). Earth is to the right and north is up. Features of the plot are the central
supernova envelope and BSG free wind region, the H ii region, hourglass, and
equatorial ring.
(A color version of this figure is available in the online journal.)

Figure 3. Same slice as in Figure 2 but in the log of temperature. The highest
temperature material is in the core of the progenitor and the shocked BSG wind.
(A color version of this figure is available in the online journal.)

lies within the H ii region at a distance of (6.4 ± 0.8) $ 1015 m
or (0.##86 ± 0.##1) (Plait et al. 1995; Sugerman et al. 2005) and
forms the waist of the hourglass. Exterior to the hourglass the
density fades to the background density as s #"3 near the waist
and as s #"4.5 at large |z#|.

In Figures 2, 3, and 4 are cross sections of the model
environment, obtained by slicing halfway along the X axis in
the log of particle number density, temperature, and velocity.
In Figure 2 we have labeled the main features of the model,
including the progenitor, free BSG wind, shocked BSG wind,
Mach disk, H ii region, and equatorial ring. Details of how we
arrived at the model will be discussed in forthcoming sections.

4
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Figure 7. Later epochs of the evolving shockwave from SN 1987A. Around day 6800 (top row), the supernova forward shock has almost completed its crossing of
the ring. The reverse shock continues to interact with the highest density blobs within the ring. By day 8000 (middle row), the forward shock has completely left the
equatorial ring. The reverse shock continues to interact with the equatorial ring until after the end of the simulation at day 10,023 (bottom row).
(A color version of this figure is available in the online journal.)

12

Figure 1.16: Stages of the shock expansion as from HD simulations by Potter et
al. (2014) (see there Figures 1, 6 and 7), as modelled in the early stages (top) and at
Day 8030 (bottom). By Day ∼8000, the forward shock is expected to have overtaken
the ER.

Figure 1.15: Stages of the shock expansion from HD simulations by Potter et al. (2014) (see
their Figures 1, 6 and 7), as modelled in the early stages (top) and at day 8030 (bottom). By day
∼8000, the forward shock is expected to have overtaken the ER. Credit: Potter et al. (2014).
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Figure 1.16: (Caption on the following page.)
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Figure 1.16: 9 GHz images of SNR 1987A from 1992 to 2013, adapted from Ng, Zanardo et
al. (2013) (see Figure 1 therein). Images include data from Gaensler et al. (1997), Ng et al.
(2008), and Ng, Zanardo et al. (2013). Colour-bar units are Jy beam−1.

1.6 Scope of this thesis
This thesis focuses on the radio evolution of the remnant of SN 1987A as the
shock wave impacts the ER. As a result of the SN-CSM interaction, the radio
emission significantly brightens (§ 1.5), thus making the SNR observable at high
frequencies. High-frequency radio observations of the SNR are particularly effec-
tive in probing both the non-thermal and thermal components of the emission,
while providing constraints to its physical origin. Non-thermal emission from the
outer shock and, possibly, from a pulsar or a PWN, can be expected in conjunc-
tion with thermal emission from plasma and from newly-forming dust grains. A
combination of spatial and spectral studies is important to investigate the nature
of the observed emission.

Based on new observations that span from 2007 to the end of 2012, this thesis
investigates the following:

Evolution of the SN-CSM interaction

The radio light curve provides an insight into the evolution of the interaction
between the SN shock wave and the dense CSM. Flux density monitoring ob-
servations have been carried out with the ATCA since 1992 (Manchester et al.
2002; Staveley-Smith et al. 1992) and with MOST since the SN explosion (Ball
et al. 2001; Turtle et al. 1987). Chapter 2 reproduces the paper by Zanardo et al.
(2010), where monitoring observations from day 918 to 5025 are combined with
new observations up to day 8014. A consistent reduction technique is applied
to all data, and datasets since day 5729 are reduced using self-calibraton. The
results from the observations carried out after day 8014, i.e. from June 2009,
after the ATCA upgrade, to September 2012, are reported in Appendix C.

Emission morphology and asymmetry

The remnant morphology and associated asymmetry are critical to understand
the mechanisms of particle acceleration and progenitor explosion. The results
of imaging observations are presented in Chapters 3 and 4, as reproduced from
Zanardo et al. (2013) and Zanardo et al. (2014), respectively. The imaging data



1.6. SCOPE OF THIS THESIS 25

in these papers are from ATCA observations at 18 and 44 GHz, at 94 GHz (Lak-
ićević, Zanardo et al., 2012a), and from ALMA observations at 102−672 GHz.
The new observations within the ongoing 9 GHz campaign (Ng, Zanardo et al.,
2013) are mentioned throughout, as they allow monitoring of the evolution of the
remnant morphology over time. On the other hand, the contemporaneous imag-
ing observations from 18 to 672 GHz allow the study of the emission morphology
from radio to the sub-mm, and the investigation of the emission asymmetry in
light of synchrotron losses. High-resolution low-frequencies observations via Very
Long Baseline Interferometry (VLBI) are critical for image alignment. VLBI im-
ages at 1.4–1.7 GHz, as obtained from observations performed in 2010, are shown
in Appendix B.

Remnant expansion and local velocities

In Chapter 3, the comparisons between the new images at both 18 and 44
GHz (Zanardo et al., 2013) with corresponding observations performed in ear-
lier epochs, specifically the 2003 observations at 17 and 19 GHz (Manchester et
al., 2005) and the 2008 observations at 36 GHz (Potter et al., 2009), allow the
estimation of the local shock velocities and associated rate of SNR expansion. It
is noted that the expansion rate derived from images at 9 GHz (Gaensler et al.,
1997; Ng et al., 2008; Ng, Zanardo et al., 2013) is instead a ‘global’ parameter,
since the net increase of the remnant size is assessed over time. Local expansion
rates of the shock can provide constraints to progenitor scenarios and explosion
mechanisms.

Spectral index variations

The synchrotron spectral index, α, being S ∝ να, gives insight into the connec-
tion between the electron energy distribution and the CSM. Spectral index maps
allow the examination of the spatial variations of the spectral index, i.e. of the
local properties of the magnetic field in which the relativistic electrons are accel-
erated. The evolution of the spectral index from 843 MHz to 8.6 GHz is discussed
in Chapter 2, while the spectral index distribution is investigated via imaging ob-
servations from 18 to 44 GHz in Chapter 3, and from 44 to 672 GHz in Chapter 4.
High-resolution spectral maps are instrumental to probe the SNR for a compact
remnant, since flat-spectrum radio emission can be associated either with accre-
tion onto a black hole or with the nebula formed around an energetic young NS,
e.g. see SN 1986J (Bietenholz et al., 2004) and the Crab Nebula (Arendt et al.,
2011). As in Gaensler & Slane (2006), flat spectral indices −0.4 � α � 0 can be
indicative of a pulsar/PWN embedded in the SNR.
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Figure 1.17: 3D map of the radio emission from the remnant at 44 GHz (see ATCA imaging
observations in Chapter 3). The top edge of the image faces north. In the purple-to-red intensity
colour scale, the brightest remnant sites on the eastern lobe are coloured in red. Inside the
ring-shaped brighter emission, which overlaps with the ER, it can be seen that central emission
emerges from noise.

Structure of the shock and progenitor explosion

Multi-wavelength studies are used to examine the structure of the SN shock in
relation to the CSM distribution. The comparison between radio, X-ray and
IR light curves is discussed in Chapter 2, while the morphology of the radio
emission is compared to optical and X-ray data in Chapter 3. High-frequency
radio observations are discussed in conjunction with FIR and Hα imaging data
in Chapter 4. Comparisons between multi-wavelength imaging data allow the
investigation of whether the asymmetric morphology of the SNR might be due to
an asymmetric explosion or to an asymmetric distribution of the CSM.
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Figure 1.18: An outline of the equatorial ring and inner debris, as seen with HST (green/blue
contours), on top of ALMA observations of the remnant at 345 GHz (Zanardo et al., 2014)
(red/orange). The dust in the central region is rendered. (Hubble data: NASA/STScI/CfA/P.
Challis and R. Kirshner.)

Search for the compact remnant

The emission from a compact object in the remnant interior is obscured by the
SN debris and the dust. The high density of the inner regions of the remnant
(Chevalier & Soker, 1989) makes rather challenging the detection of an embed-
ded compact source, which might be located near the SN site (Reynolds et al.,
1995). In this thesis, the possible presence of a compact remnant is investigated
via imaging observations and spectral index maps. In Chapter 3, high-resolution
maps of the SNR at 44 GHz allow the imaging of synchrotron and/or free-free
emission from the inner regions (Figure 1.17). Recent observations with ALMA
(Indebetouw et al., 2014; Kamenetzky et al., 2013) and Herschel (Matsuura et
al., 2011) have discovered a significant amount of dust inside the ER, which over-
laps with the ejecta as seen with HST (Indebetouw et al., 2014) (Figure 1.18).
In Chapter 4, the search for the emission from a compact object is carried out
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A. Pastorello et al.: SN 2009E: a faint clone of SN 1987A

2000cb (R band)

NOOS-005 (I band)
2006V (R band)

2006au (R band)

2009E (R band)

1998bt (V band)
1998A (R band)

Fig. 4. R-band absolute light curve of SN 2009E compared with the absolute light curves of a number of 1987A-like events: NOOS-005 (I band,
OGLE collaboration), SNe 2006V, 2006au, 1998bt (V band, see Germany 1998), 2000cb, 1998A and the prototype 1987A. Panel A): detail on the
broad light curve peak. Panel B): the full light curve evolution. Panel C): blow-up of the very early-time light curves of SNe 2009E and 1987A,
soon after shock break-out.

Table 4. Parameters of the explosion sites of the 1987A-like SNe.

SN Host galaxy Type1 µ2 AB,MW MB d0
SN/r25 P04 P04 corr.

1909A NGC 5457 SABc 29.343 0.037 –21.01 1.119 8.59 8.3010

1982F NGC 4490 SBcd 29.92 0.093 –20.25 0.23 8.53 8.6011

1987A LMC SBm 18.504 0.324 –18.02 – 8.31 –
1998A IC 2627 SABc 32.19 0.518 –20.03 0.66 8.51 8.41
1998bt A132541-2646 – 36.415 0.244 –13.25 – 7.98 –
2000cb IC 1158 SABc 32.686 0.491 –19.34 0.93 8.46 8.24
NOOS-005 2MASX J05553978-6855381 S 35.46 0.6568 –20.01 1.26 8.51 8.17
2004em IC 1303 Sc 34.07 0.466 –19.73 0.96 8.49 8.26
2005ci NGC 5682 Sb 32.73 0.141 –18.07 0.66 8.36 8.26
2006V UGC 6510 SABc 34.367 0.125 –20.97 1.31 8.59 8.22
2006au UGC 11057 Sc 33.387 0.742 –20.64 0.90 8.56 8.36
2009E NGC 4141 SBc 32.38 0.086 –17.75 0.68 8.33 8.22

Notes. In Col. 3 we report the morphologic types of the host galaxies, in Cols. 4 and 5 the adopted distance moduli and Galactic extinctions
from Schlegel et al. (1998), in Col. 6 the B-band absolute magnitudes of the galaxies, in Col. 7 the ratios between the deprojected position of the
SN and r25 computed following Hakobyan et al. (2009), in Col. 8 the oxygen abundances from Pilyugin’s relation (computed at 0.4r25, Pilyugin
et al. 2004), in Col. 9 the corrected oxygen abundances from Pilyugin’s relation computed at the deprojected SN distance. (1) Morphologic type
as quoted by HyperLeda. (2) Unless otherwise specified, distance moduli are computed from HyperLeda’s vVir, adopting H0 = 72 km s−1 Mpc−1.
(3) Distance computed from the tip of the red giant branch (TRGB, Rizzi et al. 2007). Cepheid distances are found to be too sensitive to metallicity.
The metallicity correction is even more crucial in the case of NGC 5457 where inner metal-poor and outer metal-rich cepheids give uncorrected
distance moduli that may differ by 0.3−0.4 mag (Saha et al. 2006). (4) For LMC we adopted a cepheid distance, well consistent with that derived
from the TRGB (Sakai et al. 2004; Rizzi et al. 2007). (5) SN 1998bt was discovered in the course of the Mount Stromlo Abell cluster supernova
search (Germany et al. 2004). Unfortunately, no spectroscopic classification exists for this SN. According to Germany et al. (2004), there is a very
faint host galaxy at the position of SN 1998bt, but no spectrum was ever obtained of this galaxy. We assume that the galaxy hosting SN 1998bt
belongs to a cluster monitored by the search whose average redshift is z = 0.046. (6) Average EPM distance from Table 4.1 of Hamuy (2001).
(7) Distance as in Taddia et al. (2011), but obtained adopting an Hubble Constant H0 = 72 km s−1 Mpc−1. (8) This galaxy is behind LMC, so the
extinction reported here includes both Galaxy and LMC contributions (see text for references). (9) Computed using the position angle provided
by Jarrett et al. (2003). (10) Other sources give 12 + log(O/H) ≈ 7.7−7.8 at the position of SN 1909A (Kennicutt et al. 2003; Pilyugin et al. 2004;
Bresolin 2007). (11) An alternative estimate from Pilyugin & Thuan (2007) gives 12 + log(O/H) = 8.35.
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Figure 1.19: Clones of SN 1987A (Pastorello et al. 2012; see Figure 4 and references therein).
The figure shows R-band absolute light curve of SN 2009E compared with the absolute light
curves of a number of 1987A-like events: NOOS-005 (I-band, OGLE collaboration), SNe 2006V,
2006au, 1998bt (V -band, see Germany 1998), 2000cb, 1998A and SN 1987A, as prototype. Panel
A − detail of the broad peak in the light curve; Panel B − full light curve evolution; Panel C
− blow-up of the early-time light curves soon after shock break-out. Credit: Pastorello et al.
(2012).

by separating the synchrotron and dust components in images from 94 to 672
GHz (λ 3.2 mm to 450 µm), by using the ATCA high-resolution image at 44 GHz
as a synchrotron template, and the ALMA image at 672 GHz as a template for
dust emission. The residual images are used to assess whether a third emission
component, i.e. from a compact source, is detectable. Searches for the pulse from
a NS have been renewed with the Parkes telescope in May and October 2013.
Preliminary results from these observations are reported in Appendix E.

SN 1987A and other supernovae

While SN1987A-like events form a rare sub-group of H-rich CCSNe (Chevalier
2005; Smartt 2009), there are few recently discovered SNe that show similar fea-
tures in the bolometric light curve (see Figure 1.19), such as SN 2009E (Pastorello
et al., 2012). In terms of long-term radio light curve, SN 1987A appears to have
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Figure 8. A colour composite of the HST/WFC3 F656N image
from Figure 5a displayed in blue/green, and the T-ReCS 11.7µm
image from Figure 5c displayed in red/orange.

2.6 X-ray Emission

The Carina Nebula was observed as part of a large program
with the Chandra X-ray Observatory, called the Chandra
Carina Complex Project (Townsley et al. 2011). There is no
X-ray source listed in the resulting catalog of X-ray sources
in this survey (Broos et al. 2011) within a radius of 15��

from SBW1’s position. The quoted completeness limit of this
survey would suggest an absorption-corrected upper limit
to the X-ray luminosity of 1030.7 erg s−2 for sources within
the Carina nebula region. It is, however, difficult to place a
meaningful upper limit on the intrinsic soft X-ray luminos-
ity of SBW1, since it is located at a distance of 7 kpc, far
behind the Carina nebula (D = 2.3 kpc; Smith 2006). Thus,
there could be a large absorption column, and its intrinsic
soft X-ray luminosity could be substantially higher than this
nominal upper limit.

3 OBSERVED MULTI-WAVELENGTH
STRUCTURE

Figure 8 shows the relative spatial distribution of ionised
gas and warm dust in colour, with the Hα image tinted as
blue/green and the mid-IR emission tinted as red/orange.
This image encapsulates the basic multiwavelength struc-
ture of SBW1, and is useful in the discussion below. One of
the curious things about Figure 8 is that it runs counter to
normal expectations that dusty regions will be farther from
the source of radiation than the ionised gas. This and other
issues are clarified below.

3.1 Detailed Structure of the Dense Equatorial
Ring

The new HST/WFC3 images in Hα and [N ii] provide a
detailed view of the morphology in the ring nebula around
SBW1. To the extent that SBW1 is a suitable analog, these
images also provide our best view of the circumstellar envi-
ronment around an object like SN 1987A. The most promi-
nent feature in the images is a thin ring of emission, presum-
ably in the equatorial plane. The new HST images also pro-
vide a better view of the outer rings or hourglass structure
in SBW1, and they clarify the nature of the diffuse emis-
sion structures in the ring’s interior, closer to the central
star. Below we examine the structure of the ring in detail,
and then conduct a comparison with the equatorial ring of
SN 1987A. Structures inside the ring are discussed in the
following section.

In general, the equatorial ring around SBW1 appears
as a fragmented chain of clumps or filaments with a thin
radial extent. Filaments in the ring are marginally resolved
with a thickness of ∼ 0.��1, or 0.0034 pc at a distance of 7 kpc.
By assuming this as a typical thickness for the ionised emit-
ting layer, we can provide a rough estimate of the density
of ionised gas in the ring from the Hα emission measure,
EM =

�
n2
e dl. This can be conveniently expressed (see

Smith et al. 2010a) as

ne = 15.0

�
IHα

Lpcf
cm−3, (3)

where IHα is the Hα line intensity measured in
our narrow-band F656N WFC3 image in units of
10−15 erg s−1 cm−2 arcsec−2, Lpc is the emitting path-length
through the filament in pc, and f is a geometric filling fac-
tor. Based on the clumpy structure in images, we adopt
f = 0.5. Although this assumption dominates the uncer-
tainty, it is difficult to quantify. We adopt a ±25% uncer-
tainty in the value of f , which translates to a ±11% un-
certainty in the resulting value of ne. In our F656N im-
age (note that the F656N filter on WFC3 includes only
Hα, and not [N ii] λ6583), we measure an intensity of
6.70×10−17 erg s−1 cm−2 arcsec−2, which translates to 9.7×
10−16 erg s−1 cm−2 arcsec−2 after correcting for E(B−V ) =
1.15mag (see Figure 7). With these values, we find ne =
370 ± 40 cm−3. As an independent estimate, from the [S ii]
λλ6717, 6731 flux ratio measured in ground-based spec-
tra we found ne ≈ 500 cm−3 (Smith et al. 2007), with a
likely uncertainty of ±20%. These two estimates are not too
discrepant, given the uncertainties. By assuming that the
toroidal geometry of the ring is filled with the average of
these two density estimates, we would derive a likely mass
of emitting ionised gas of 0.012M⊙ (see Smith et al. 2007).

This estimate of the mass of ionised gas is much less
than the expected total mass of H gas. The ring’s dust mass
of 5 × 10−3 M⊙ measured from the luminosity of ∼ 85K
dust in the SED (see §2.5; Figure 7) would imply a total gas
mass of roughly 0.5M⊙ if the equatorial ring has a normal
gas:dust mass ratio of 100:1. This implies that the ionisation
fraction of the ring is only a few per cent. The equatorial
ring is therefore ionisation bounded, with the location of the
ionisation front determined by the flux of ionising photons
from the central star as well as the initial density structure of
the ring. The incomplete ionisation of the ring has a strong

c� 2002 RAS, MNRAS 000, 1–??

Figure 1.20: A twin of SN 1987A: the ring nebula SBW1 (Smith et al., 2013). As in Smith
et al. (2013), the figure shows a colour composite of the HST image (in blue/green), and the
Gemini South/T-ReCS image at 11.7 µm (in red/orange). Credit: Smith et al. (2013).

many similarities with SN 1993J in M81 (Weiler et al., 2007), which also did not
have the expected RSG progenitor. Another nearby Type II event with behaviour
reminiscent of the late rise of SN 1987A was SN 1996cr in the Circinus galaxy,
more likely identified as a SN IIn (Bauer et al., 2008). Striking similarities in the
ring-structure of the CSM have been found in the recently discovered planetary
nebula SBW1 (Smith et al., 2013) (Figure 1.20), while two other known bipolar
nebulae with ring-shaped emission around massive stars are HD 168625 (Smith
et al., 2007) and Sher 25 (Brandner et al., 1997). It is interesting to note that,
similarly to SN 1987A, high N/O ratio has also been found for Sher 25 and its
circumstellar nebula (Hendry et al., 2008). SN 1987A is compared to other Type
II SNe in Chapter 2.
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Abstract

We present extensive observations of the radio emission from the remnant
of supernova (SN) 1987A made with the Australia Telescope Compact Array
(ATCA), since the first detection of the remnant in 1990. The radio emission
has evolved in time providing unique information on the interaction of the SN
shock with the circumstellar medium. We particularly focus on the monitoring
observations at 1.4, 2.4, 4.8 and 8.6 GHz, which have been made at intervals of 4 –
6 weeks. The flux density data show that the remnant brightness is now increasing
exponentially, while the radio spectrum is flattening. The current spectral index
value of −0.68 represents an 18 ± 3% increase over the last eight years. The
exponential trend in the flux is also found in the ATCA imaging observations at
9 GHz, which have been made since 1992, approximately twice a year, as well as
in the 843 MHz data set from the Molonglo Observatory Synthesis Telescope from
1987 to 2007 March. Comparisons with data at different wavelengths (X-ray, Hα)
are made. The rich data set that has been assembled in the last 22 years forms
a basis for a better understanding of the evolution of the supernova remnant.
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2.1 Introduction
Supernova (SN) 1987A in the Large Magellanic Cloud, as the first naked-eye
SN to occur since the invention of the telescope, has become one of the most
studied objects outside the solar system. Immediately after its discovery was an-
nounced on 1987 February 23, most telescopes in the southern hemisphere started
observing its evolution. In addition to electromagnetic radiation, a burst of neu-
trinos was detected from the SN. The 25 neutrinos simultaneously detected by
KamiokaNDE II in Japan, the Irvine-Michigan-Brookhaven detector in Ohio and
the Baksan Neutrino Observatory in Russia, were more than enough to confirm
the theoretical predictions made for the core collapse of a massive star (Arnett et
al. 1989). The detection of neutrinos allowed astronomers to view the collapse of
the progenitor: Sanduleak (Sk) −69◦ 202. Records of Sk −69◦ 202 indicated that
it had a mass close to 20 M⊙ and, for 90% of its life, was a blue star (Panagia
2000). In the last million years of its lifetime, the star turned into a red super-
giant and, following an evolution which is still somewhat uncertain, about 20,000
years before the explosion returned toward the blue (Crotts & Heathcote 2000;
Woosley et al. 1988).

SN 1987A has enabled the observation of a peculiar class of Type II events
at close proximity. Its circumstellar structure was revealed in its intrinsic beauty
by the Hubble Space Telescope. Observations showed a triple-ringed structure
surrounding and illuminated by the SN (e.g. Burrows et al. 1995). The two outer
rings appear to be the caps of an hour-glass shaped structure enveloping the SN
itself. The inner ring, also referred to as the equatorial ring, is believed to rep-
resent an equatorial density enhancement in the circumstellar medium (CSM),
located at the interface between a dense wind emitted from an earlier red-giant
phase of the progenitor star and a faster wind emitted by this star in more recent
times (Crotts, Kunkel & Heathcote 1995; Plait et al 1995). The equatorial ring is
the remnant of the stellar mass loss of the progenitor star. It is still under debate
why the CSM remnant became concentrated into a ring rather than distributed
spherically. To explain the ring construction, some recent theories surmise that
the progenitor of SN 1987A was actually a merger (e.g. Morris & Podsiadlowski
2007).

An initial radio outburst from SN 1987A peaked on day 4 and then decayed
rapidly (Turtle et al., 1987). The radio flux of SN 1987A was found to rise again
from noise in mid-1990, around 1200 days after the explosion, by the Molonglo
Observatory Synthesis Telescope (MOST) (Turtle et al. 1990) and then by the
Australia Telescope Compact Array (ATCA) (Staveley-Smith et al. 1992), signify-
ing the birth of a radio remnant. Since the remnant detection, the radio emission
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of SN 1987A has shown a steady increase, surpassing the radio brightness of the
initial prompt emission phase (Manchester et al. 2002, and references therein).
The emission is generally thought to be synchrotron emission from electrons ac-
celerated by expanding shock waves associated with the supernova explosion (Ball
& Kirk, 1992). Accounting for uncertainties in both radio and optical measure-
ments, Ng et al. (2008) suggested that the radio emission could have reached the
optical inner ring around day ∼ 6000 − 6500. This would justify the increase in
the radio luminosity as well as match predictions made by Chevalier & Dwarkadas
(1995), Gaensler et al. (1997) and Manchester et al. (2002). Contemporaneously,
increase in emission has been observed in X-ray wavelengths, firstly by the late
Röntgen Satellite (ROSAT ) which detected a slow but steady increase in flux over
the early years (Gorenstein et al., 1994; Hasinger et al., 1996). From day ∼4600,
subsequent observations with the Chandra X-ray Observatory have shown that
the brightening in soft X-rays has been characterised by an exponential trend,
with a first upturn between days 3500-4000 (Burrows et al. 2000), and a second
one between days ∼ 6000 − 6500, emphasizing the time when the blast wave
presumably made contact with the dense protrusions of the CSM (Park et al.,
2005).

In more recent years, the SN ejecta themselves have become more difficult
to observe in the optical, due to their faintness and the increasing brightness of
the equatorial ring. The ring appears to have evolved into a clumpier structure,
that now resembles a pearl necklace, with small regions of enhanced Hα emis-
sion, or hot spots (Lawrence et al., 2000), appearing just inside the equatorial
ring. Since year 2000, analysis of the super-resolved ATCA images at 9 GHz
(resolution ∼ 0.5��) have been showing a limb-brightened shell morphology. At
this frequency, according to recent analysis of the shell structure, the eastern lobe
is, consistently at all epochs, ∼ 40% brighter than its western counterpart (Ng
et al. 2008). In ATCA observations at 36 GHz made on days 7897−7902, the
measured flux density ratio between the two lobes is similarly ∼1.3 (Potter et al.
2009). Based on 9 GHz images, it also may be that the eastern lobe is located
further from the SN site than the western one, suggesting an asymmetry in the
initial expansion of the SN ejecta (Gaensler et al. 2007). These features of the
remnant structure can be seen in recent multi-wavelength images (see Fig. 9 in
Potter et al. 2009). The current remnant size, as obtained from data at 36 GHz,
is 1.��70± 0.��12 (Potter et al. 2009).

This paper presents the ATCA database of radio observations after 22 years
of observations of SN 1987A, specifically at 1.4, 2.4, 4.8 and 8.6 GHz, as recorded
from mid-1990 to February 2009. In § 2.2 we first describe the procedure for
imaging the ATCA data. In particular, we discuss improvements to the derivation
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of the flux densities at the higher frequencies. In § 2.3, we present the ATCA
flux densities in conjunction with those measured by MOST (Ball et al. 2001),
and we present the related spectral indices (§ 2.3.2). In § 2.4, we discuss the
current situation of the radio remnant. We analyse the evolution of the SN and
its environment in light of past predictions and existing models of SN 1987A
(§ 2.4.1). We compare the results in the radio to observations in the X-ray, Hα
and infrared (IR) wavelengths in § 2.4.2. Previously published ATCA data at
1.4, 2.4, 4.8 and 8.6 GHz until 2001 February 2 (Manchester et al. 2002), and the
new data are, for convenience, listed in their entirety in this chapter.

2.2 Observations

2.2.1 ATCA campaign

Two types of observations have been made of SN 1987A using the ATCA: mon-
itoring and imaging. Since its detection on Day 1200, the developing remnant
has been monitored with various array configurations at 1.4, 2.4, 4.8 and 8.6
GHz. The monitoring observations have been made regularly every 1− 2 months
(Manchester et al. 2002; Staveley-Smith et al. 2007).

By Day 1786, the remnant became sufficiently bright to be imaged at a wave-
length of 3 cm (Staveley-Smith et al., 1993), giving the opportunity to study its
expansion (Gaensler et al. 1997). Since then, the source has been observed ev-
ery six months with 6 km array configurations at 9 GHz with longer integration
times (∼12 hr) (Gaensler et al. 2007; Ng et al. 2008). As a terminology note,
even though these full-synthesis observations of the source have been performed
simultaneously at two frequencies in the range 8.1 to 9.1 GHz, the flux densities
derived from the images are denoted herein, both in the following text and figures,
as derived from 9 GHz observations.

2.2.2 Monitoring

Flux density monitoring observations of the SN remnant are made simultaneously
at two pairs of frequencies, either 1380 and 2496 MHz (2368 MHz before mid-1997)
or 4790 and 8640 MHz. A 128 MHz bandwidth is used at all frequencies. The
two frequency pairs are observed alternately, with 3 minutes on phase calibrators
before and after pointing at the source for 20 minutes time intervals. The duration
of the observation has been varied over the years, depending on the brightness of
the source and, for the last three years, has been ∼6 hr per epoch. Observations
are centred approximately 10�� south of the SN 1987A position [RA 05h 35m 28.s03,
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Dec −69◦ 16� 11.��79 (J2000)] (Reynolds et al., 1995). The primary calibrator, used
to set the flux-density scale, is PKS B1934-638. PKS B1934-638 is assumed to
have flux densities of 14.95, 11.14, 5.83 and 2.84 Jy at 1.4, 2.4, 4.8 and 8.6 GHz,
respectively. The phase calibrators are PKS B0530–727, PKS B0407–658 and (at
4790/8640 MHz) PKS B0454-810. In conditions of poor phase stability, at the
higher frequencies, PKS B0454-810 is used as an alternative to PKS B0530–727.

2.2.3 Data reduction

The ATCA measures complex fringe visibilities in the u−v plane (Frater, Brooks
& Whiteoak, 1992). Data are reduced in MIRIAD1. Visibility data are edited
and calibrated in both phase and amplitude. Images are formed using baselines
longer than 3 kλ, since shorter baselines are often contaminated by emission from
strong sources outside the primary beam (primarily 30 Doradus).

It is known that self-calibration (Cornwell & Fomalont, 1989; Pearson & Read-
head, 1984), applied to strong (flux peak S > 100 mJy/beam) and compact (area
covered by source < 15 times the area of the synthesised beam) sources, often im-
proves the image without the need for further editing (Burgess & Hunstead, 1995).
To improve the quality of the SN 1987A images at 4.8 and 8.6 GHz and, thus, to
reduce the error in deriving the flux density, the self-calibration procedure self-

cal has been incorporated in the reduction process. The self-calibration solution
interval was set to 5 minutes. The preliminary CLEAN model (Högbom 1974)
is constructed by using a small number of iterations, whilst a deeper CLEANing
was performed after phase self-calibration.

Self-calibration has been applied to all SN 1987A datasets recorded from 2007,
when the source’s flux density reached 80 mJy at 8.6 GHz. As a result of the pro-
cess, the self-calibrated images are of improved quality and are often characterised
by a flux density higher than those normally calibrated. Given the remarkably
good images produced from even unpromising data, older datasets have been
retrospectively re-processed with the incorporation of self-calibration, whenever
the application of such procedure has resulted in an improved image. We note
that self-calibration has enhanced the ATCA images derived from datasets dated
back to Day 5729. Light curves for normal and self-calibrated data are compared
in Figure 2.1, while one example of the differences between the normal and self-
calibrated images is given in Figure 2.2. As regards observations at 1.4 and 2.4
GHz, images back to Day 5729 have been CLEANed more deeply than previous
observations.
1 http://www.atnf.csiro.au/computing/software/MIRIAD/

http://www.atnf.csiro.au/computing/software/MIRIAD/
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Figure 2.1: Comparison of the flux densities derived from self-calibrated (solid black circles)
and phase referenced (open red diamonds) 4.8 and 8.6 GHz data, from days 6889 to 8014.
Phase-only self-calibration increases the measured flux density and reduces the rms noise in
images derived from observations made during times of poor phase stability (e.g. summer).

2.3 Results

2.3.1 Flux densities

Monitoring data for SN 1987A at 1.4, 2.4, 4.8 and 8.6 GHz are listed in Table 2.1
and shown in Figures 2.3 and 2.4. Two uncertainties are associated with each
measurement: a random error, representative of the noise in the image and the
uncertainty in the fitting process, and a systematic error estimated by examining
the scatter in the flux density of a nearby (∼4’) unresolved source J0536–6919
(Gaensler et al. 1997). Except at 8.6 GHz, the systematic errors are estimated
from the scatter in the measured flux densities of J0536-6918 since day 4000.
As indicated by (Manchester et al. 2002), at 8.6 GHz, J0536-6918 is outside the
half-power radius of the primary beam, and systematic errors are taken to be 1.25
times the systematic errors measured at the 4.8 GHz. At the lower frequencies
and at later times, the errors in the flux density estimations are dominated by
the systematic errors.

The flux density was measured by integrating a Gaussian fit to the emission
region at 1.4 and 2.4 GHz, while at 4.8 and 8.6 GHz the flux density was inte-
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Figure 2.2: Images of SN1987A at 8.6 GHz, as derived from monitoring observations taken on
Day 7297 with the ATCA 6 km configuration (6A), before (left) and after (right) the application
of the self-calibration procedure. Monitoring typically involves 6–8 hrs of observations, rather
than the full 12 hrs required for full u − v coverage. While the normally calibrated image
shows significant north-south artifacts and has a total flux of 78.7 mJy, the quality of the self-
calibrated image is higher and the total flux is 90.1 mJy. The minimum contour level is at 0
mJy beam−1 (gray line in the left figure), while the maximum is at 34 mJy beam−1 (most inner
red line in the right figure), and the contour lines are spaced by 4 mJy beam−1.

grated over a polygonal region around the source without fitting. In Figures 2.3
and 2.4, ATCA flux densities derived from monitoring observations at 1.4, 2.4,
4.8, 8.6 and imaging observations at 9 GHz are plotted in the same graph with
MOST data21 at 843 MHz (Ball et al. 2001). The flux densities from the ATCA
monitoring data at 8.6 GHz and the imaging observations at 9 GHz are in very
close agreement, confirming the accuracy of the model-fitting technique used to
analyse the latter.

The plots, both in linear and logarithmic scales, show that there is a system-
atic trend in the flux increase at all frequencies. In particular, from day ∼3000,
all ATCA observations appear to consistently follow an exponential trend. In
Figure 2.4, the flux at each frequency is fitted to an exponential model. The fit
parameters related to exponential fits from Day 5000 are reported in Table 2.2.
As regards MOST data, even though the related observations are not as regular
as the ATCA ones, there is evidence of a steady increase that can also be fitted by

21 http://www.physics.usyd.edu.au/ioa/wiki/index.php/Main/SN1987A

http://www.physics.usyd.edu.au/ioa/wiki/index.php/Main/SN1987A
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an exponential curve from day ∼3000 onwards. MOST fitting parameters from
Day 5000 are also listed in Table 2.2.

By looking at the overall development of the data at all frequencies, it has to be
highlighted that the resulting best fits significantly depart from both the simple
linear fit proposed by Ball et al. (2001) and the quadratic trend proposed by
Manchester et al. (2002), for flux densities measured up to day ∼5000. However,
it is noted that both Ball et al. (2001) and Manchester et al. (2002) fitted the data
within the limited time interval between Day 3000 and 5000, while the exponential
curve appears to closely match the data only after day ∼4000, defined as

S(t) = S0 e
(t−t0)/∆ (2.3.1)

with t0 = 5000 days and ∆ the e-folding time (see results in Table 2.2.

To further quantify the flux density increase, the increase factor per year has
been calculated since the discovery of the remnant, i.e. from day ∼1200. The
increase rate per year of the flux density, S, is calculated as (S(t+τ)−S(t))/S(t),
with τ approximately equal to 365 days. Local interpolation of the flux density
values was performed when the observation dates did not match the yearly time
intervals. The error on the rate values was derived from the errors affecting the
two flux density values considered at the beginning and at the end of the yearly
intervals. A graphical representation of the derived rates of flux density increase
per year is shown in Figure 2.5. It emerges that the flux density at the higher
frequencies has undergone, in general, a higher increase rate. This is corroborated
by the decrease of e-folding time, ∆, at higher frequencies (Table 2.2). As regards
the increase rates in recent years, at ∼day 7070, i.e. Year 20 since the supernova
explosion, the percent increase of flux density at 1.4, 2.4, 4.8 and 8.6 GHz has
been of 16±4%,17±4%, 14±5% and 18±6%, respectively. While in Year 21,
the flux density increase rates, given in the aforementioned frequency order, are
13±3%,17±4%, 12±5% and 16±6%. In Year 22, since the latest observations
were made in 2009 February 1, and the yearly intervals run from June, the rates
of increase were calculated over a time frame that is ∼40% shorter than a year.
However, it is worth noting that the resultant increase rates have a slightly smaller
mean value of 11±4%.
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Table 2.1: Flux densities measured at the four ATCA frequencies over the day range 918−8014.
These are calibrated relative to the primary flux calibrator, PKS B1934-638. Day number is
counted from UT 1987 February 23.

1.4 GHz 2.4 GHz 4.8 GHz 8.6 GHz
Day Flux Density Day Flux Density Day Flux Density Day Flux Density

(mJy) (mJy) (mJy) (mJy)
- - - - 918 0.0± 0.3 - -
- - - - 996 0.0± 0.3 - -
- - 1199 0.0± 1.0 - - - -

1244 0.0± 1.2 - - 1244 0.0± 0.3 - -
1271 2.9± 1.2 - 1270 0.7± 0.3 - -

- - - - 1306 1.2± 0.3 - -
- - 1315 3.3± 1.0 - - - -
- - - - 1334 1.5± 0.3 - -
- - - - 1366 1.5± 0.3 - -

1386 4.9± 1.2 1386 3.5± 1.0 1385 2.0± 0.3 - -
- - - - - - 1388 1.3± 0.3
- - - - 1401 2.2± 0.3 - -
- - - - 1402 2.2± 0.3 - -
- - - - 1403 2.3± 0.3 - -
- - - - 1404 2.1± 0.3 - -
- - - - 1405 2.1± 0.3 - -
- - - - 1407 2.1± 0.3 - -
- - - - 1408 2.6± 0.3 - -
- - - - 1409 2.5± 0.3 - -
- - - - 1410 2.7± 0.3 - -
- - - - 1431 2.3± 0.3 1432 1.1± 0.3
- - - - 1446 2.6± 0.3 - -
- - - - 1460 3.0± 0.3 - -

1490 7.6± 1.2 - - - - - -
- - - - - - 1501 1.7± 0.3
- - - - - - 1515 2.3± 0.3

1518 8.3± 1.2 1518 6.1± 1.0 - - - -
1518 9.6± 1.2 1518 6.2± 1.0 1517 2.8± 0.3 - -

- - - - 1525 2.7± 0.3 - -
- - - - - - 1584 2.6± 0.3
- - - - 1587 3.0± 0.3 - -

1596 10.2± 1.2 1596 5.6± 1.0 1595 4.5± 0.3 1594 2.2± 0.3
1637 15.5± 1.3 1637 8.7± 1.0 1636 5.3± 0.3 - -
1661 15.5± 1.3 1661 9.2± 1.0 - - 1662 2.5± 0.3

- - - - 1663 5.0± 0.3 1663 2.9± 0.3
- - - - 1747 6.0± 0.4 - -
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Table 2.1: – continued

1.4 GHz 2.4 GHz 4.8 GHz 8.6 GHz
Day Flux Density Day Flux Density Day Flux Density Day Flux Density

(mJy) (mJy) (mJy) (mJy)
- - - - 1787 7.4± 0.4 1787 3.9± 0.3

1789 20.6± 1.4 1789 10.7± 1.1 - - - -
1850 24.8± 1.4 1850 13.1± 1.1 - - - -

- - - - 1852 8.2± 0.4 1852 4.4± 0.3
1879 24.0± 1.4 1879 15.0± 1.1 1878 7.1± 0.4 1878 4.1± 0.3

- - - - 1948 8.3± 0.4 1948 4.7± 0.3
1970 27.5± 1.5 1970 18.0± 1.1 1970 9.1± 0.4 1970 4.9± 0.4

- - - - 1986 8.4± 0.4 1986 4.6± 0.3
- - - - 2003 8.7± 0.4 2003 5.1± 0.4

2068 33.2± 1.6 2068 19.0± 1.2 2067 9.4± 0.5 2068 5.5± 0.4
- - - - 2092 9.9± 0.5 2092 5.9± 0.4
- - - - 2143 8.6± 0.4 2142 5.4± 0.4
- - - - 2196 9.1± 0.4 2196 4.2± 0.3
- - - - 2262 10.9± 0.5 2262 6.0± 0.4
- - - - 2300 11.5± 0.5 2300 7.1± 0.4
- - - - 2300 11.6± 0.5 2300 5.8± 0.4

2314 38.9± 1.7 2314 23.3± 1.2 - - 2314 6.9± 0.4
- - - - - - 2321 6.9± 0.4
- - - - 2375 10.8± 0.5 2375 5.4± 0.4
- - - - 2404 12.4± 0.6 2404 7.1± 0.4
- - - - - - 2426 7.7± 0.5
- - - - 2463 12.8± 0.6 2463 6.5± 0.4

2505 43.2± 1.8 2505 25.9± 1.3 - - - -
- - - - 2511 12.0± 0.5 - -

2549 43.8± 1.8 2549 26.6± 1.3 - - 2550 7.5± 0.5
- - - - 2572 14.0± 0.6 2572 5.9± 0.4
- - - - 2580 13.6± 0.6 2580 6.9± 0.4
- - - - 2580 13.1± 0.6 2580 6.5± 0.4
- - - - 2628 13.5± 0.6 2628 9.0± 0.5
- - - - 2628 14.1± 0.6 2628 7.8± 0.5
- - - - 2648 12.9± 0.6 2648 6.1± 0.4

2681 46.2± 1.8 2681 28.4± 1.3 - - - -
- - - - 2754 13.6± 0.6 2754 5.4± 0.4
- - - - 2755 14.2± 0.6 2755 6.3± 0.4

2774 48.6± 1.9 2774 30.4± 1.4 2774 14.1± 0.6 - -
2775 49.3± 1.9 2775 29.9± 1.3 2775 14.6± 0.6 2775 9.2± 0.5
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Table 2.1: – continued

1.4 GHz 2.4 GHz 4.8 GHz 8.6 GHz
Day Flux Density Day Flux Density Day Flux Density Day Flux Density

(mJy) (mJy) (mJy) (mJy)
- - 2827 28.4± 1.3 2827 14.5± 0.6 2827 9.8± 0.6

2858 50.9± 1.9 2858 29.3± 1.3 - - - -
2874 48.4± 1.9 2874 25.2± 1.3 - - - -
2919 53.8± 2.0 2919 33.1± 1.4 2919 16.5± 0.7 2919 9.4± 0.5
2919 51.4± 2.0 2919 34.2± 1.4 2919 16.1± 0.7 2919 11.3± 0.6
2976 55.0± 2.0 2976 33.6± 1.4 2976 15.3± 0.7 2976 9.1± 0.5
2976 48.4± 1.9 2976 32.5± 1.4 2976 16.5± 0.7 2976 8.3± 0.5
3001 56.2± 2.1 3002 33.1± 1.4 3001 15.1± 0.7 3001 6.6± 0.4
3002 48.8± 1.9 3073 34.6± 1.4 3002 16.8± 0.7 3002 9.2± 0.5
3073 57.2± 2.1 3140 36.6± 1.5 3073 17.8± 0.8 3073 10.4± 0.6

- - - - - - 3074 11.4± 0.6
- - - - - - 3111 10.2± 0.6

3177 59.1± 2.1 3177 35.9± 1.5 3177 16.9± 0.7 3177 9.8± 0.6
3203 64.2± 2.3 3203 39.2± 1.5 3203 20.2± 0.9 3203 12.6± 0.7
3278 66.2± 2.3 3278 41.6± 1.6 3278 21.6± 0.9 3278 12.1± 0.7
3326 67.1± 2.3 3326 41.4± 1.6 3326 20.7± 0.9 3326 11.7± 0.6
3415 71.8± 2.5 3415 44.1± 1.7 3415 21.3± 0.9 3415 11.5± 0.6

- - - - - - 3437 15.7± 0.8
3456 71.8± 2.5 3456 44.8± 1.7 3456 23.1± 1.0 3456 14.2± 0.8

- - - - - - 3486 16.1± 0.8
- - - - - - 3512 16.5± 0.9

3515 73.3± 2.5 3515 45.8± 1.7 3515 24.8± 1.0 3515 14.6± 0.8
3579 77.5± 2.6 3579 48.5± 1.8 3579 25.4± 1.1 3579 15.5± 0.8
3633 79.1± 2.7 3633 48.0± 1.8 3633 25.1± 1.0 3633 14.9± 0.8
3679 79.6± 2.7 3679 49.4± 1.8 3679 24.5± 1.0 3679 16.3± 0.9
3714 79.3± 2.7 3714 50.1± 1.8 3714 24.5± 1.0 3714 15.9± 0.8
3745 84.4± 2.8 3745 48.5± 1.8 3745 27.0± 1.1 3745 16.3± 0.9
3772 81.9± 2.7 3772 49.9± 1.8 3772 27.1± 1.1 3772 17.9± 0.9
3834 84.2± 2.8 3834 50.1± 1.8 3834 26.5± 1.1 3834 17.7± 0.9
3900 86.0± 2.9 3900 52.6± 1.9 3900 29.2± 1.2 3900 17.1± 0.9
3945 88.1± 2.9 3945 52.2± 1.9 3945 29.8± 1.2 3945 17.9± 0.9
3987 93.8± 3.1 3987 52.4± 1.9 3987 31.9± 1.3 3987 18.9± 1.0
4015 89.3± 2.9 4015 55.3± 1.9 4015 30.2± 1.2 4015 19.4± 1.0
4059 87.7± 2.9 4059 58.3± 2.0 - - - -
4101 96.7± 3.1 4101 58.3± 2.0 4101 32.0± 1.3 4101 19.6± 1.0
4170 99.6± 3.2 4170 61.4± 2.1 - - - -
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Table 2.1: – continued

1.4 GHz 2.4 GHz 4.8 GHz 8.6 GHz
Day Flux Density Day Flux Density Day Flux Density Day Flux Density

(mJy) (mJy) (mJy) (mJy)
4223 97.5± 3.2 4223 59.2± 2.0 4223 32.0± 1.3 4223 19.1± 1.0
4291 104.5± 3.4 4291 64.7± 2.2 4291 35.3± 1.4 4291 21.0± 1.1
4373 108.3± 3.5 4373 62.3± 2.1 - - 4373 21.2± 1.1
4424 107.4± 3.4 4424 67.1± 2.3 4424 34.1± 1.4 4424 24.9± 1.3
4461 113.2± 3.6 4461 68.9± 2.3 4461 38.6± 1.6 4461 25.5± 1.3
4540 112.6± 3.6 4540 75.5± 2.5 4540 37.6± 1.5 4540 25.0± 1.3
4572 116.1± 3.7 4572 69.5± 2.3 4572 39.6± 1.6 4572 24.4± 1.3
4685 121.2± 3.8 4685 75.2± 2.5 4685 40.1± 1.6 4685 26.7± 1.4
4729 121.4± 3.8 4729 74.2± 2.4 4729 43.7± 1.8 4729 28.1± 1.4
4768 131.3± 4.1 4768 77.1± 2.5 4768 42.7± 1.7 4768 25.7± 1.3
4800 124.9± 3.9 4800 77.4± 2.5 4800 39.7± 1.6 4800 24.8± 1.3
4838 126.4± 4.0 4838 83.8± 2.7 4838 43.6± 1.8 4838 31.5± 1.6
4851 128.7± 4.0 4851 77.8± 2.5 4851 45.5± 1.8 4851 27.9± 1.4
4871 127.0± 4.0 4871 77.9± 2.5 4871 47.2± 1.9 4871 29.9± 1.5
4937 133.4± 4.2 4937 81.0± 2.6 4937 48.1± 1.9 4937 30.2± 1.5
4997 136.9± 4.3 4997 83.6± 2.7 4997 43.5± 1.8 4997 27.5± 1.4
5025 135.0± 4.2 5025 83.0± 2.7 5025 47.7± 1.9 5025 31.9± 1.6
5050 135.9± 4.3 5050 86.2± 2.8 5050 46.4± 1.9 5050 31.9± 1.6
5093 143.4± 4.5 5093 86.6± 2.8 5093 49.9± 2.0 5093 36.0± 1.8
5128 139.6± 4.4 5128 83.5± 2.7 5128 48.8± 2.0 5128 30.3± 1.5
5160 144.7± 4.5 5160 88.7± 2.8 5160 50.7± 2.0 5160 29.6± 1.5
5293 153.3± 4.8 5293 95.9± 3.1 5293 53.1± 2.1 5293 31.7± 1.6
5369 155.1± 4.8 5369 98.5± 3.1 5369 56.4± 2.3 5369 36.9± 1.9
5401 154.9± 4.8 5401 96.0± 3.1 5401 54.6± 2.2 5401 34.2± 1.7
5460 160.8± 5.0 5460 98.1± 3.1 5524 60.2± 2.4 5524 39.3± 2.0
5524 166.9± 5.2 5524 103.0± 3.3 5546 62.6± 2.5 5546 41.4± 2.1
5546 166.4± 5.1 5546 100.2± 3.2 5574 62.7± 2.5 5574 42.7± 2.2
5574 175.5± 5.4 5574 103.8± 3.3 5668 57.1± 2.3 5668 48.8± 2.5
5729 179.7± 5.5 5729 109.7± 3.4 5729 65.6± 2.6 5729 41.3± 2.1

- - 5774 112.0± 3.5 - - 5774 48.6± 2.4
5798 176.3± 5.4 5798 114.8± 3.6 5798 62.3± 2.5 5798 41.4± 2.1
5851 184.0± 5.7 5851 120.0± 3.7 5851 66.5± 2.7 5851 49.3± 2.5
5930 190.5± 5.8 5930 124.7± 3.9 5930 68.1± 2.7 5930 44.2± 2.2
5970 195.0± 6.0 5970 115.5± 3.6 - - - -
5980 197.0± 6.0 - - - - - -
6005 203.2± 6.2 6005 130.7± 4.1 6005 76.0± 3.1 6005 48.9± 2.5
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Table 2.1: – continued

1.4 GHz 2.4 GHz 4.8 GHz 8.6 GHz
Day Flux Density Day Flux Density Day Flux Density Day Flux Density

(mJy) (mJy) (mJy) (mJy)
6139 206.5± 6.3 6139 133.9± 4.1 6139 82.4± 3.3 6139 54.0± 2.7
6172 208.7± 6.4 6172 132.9± 4.1 - - - -
6199 208.5± 6.4 6199 136.2± 4.2 6199 73.4± 3.0 6199 49.6± 2.5
6244 217.4± 6.6 6244 139.1± 4.3 6244 76.8± 3.1 6244 54.9± 2.8
6283 213.0± 6.5 6283 138.5± 4.3 6283 83.7± 3.4 6283 52.4± 2.6
6355 224.9± 6.9 6355 148.6± 4.6 6355 86.8± 3.5 6355 54.3± 2.7
6461 235.0± 7.2 6461 154.4± 4.7 6461 78.9± 3.2 6461 52.9± 2.7
6494 242.8± 7.4 6494 160.0± 4.9 6494 96.3± 3.9 6494 56.4± 2.8
6526 237.0± 7.2 6526 160.4± 4.9 6526 89.8± 3.6 6526 65.8± 3.3
6603 252.6± 7.7 6603 165.4± 5.1 6603 102.0± 4.1 6603 62.6± 3.1
6627 251.5± 7.6 6627 165.7± 5.1 6627 91.5± 3.7 6627 63.9± 3.2
6690 251.5± 7.6 6690 171.0± 5.2 6690 100.9± 4.0 6690 62.5± 3.1
6770 258.6± 7.9 6770 175.7± 5.4 6770 104.6± 4.2 6770 66.9± 3.4
6836 264.5± 8.0 6836 178.1± 5.4 6836 107.8± 4.3 6836 68.0± 3.4
6889 272.5± 8.3 6889 184.8± 5.6 6889 111.7± 4.5 6889 72.1± 3.6
6967 276.4± 8.4 6967 190.3± 5.8 6967 121.0± 4.9 6967 79.9± 4.0
6989 281.3± 8.5 6989 179.7± 5.5 6989 118.1± 4.7 6989 81.8± 4.1
7039 294.9± 8.9 7039 196.0± 6.0 7039 118.8± 4.8 7039 78.1± 3.9
7084 287.1± 8.7 7084 194.7± 5.9 7084 123.1± 4.9 7084 78.3± 3.9
7202 312.8± 9.5 7202 216.8± 6.6 7202 124.1± 5.0 7202 85.6± 4.3
7231 304.4± 9.2 7231 206.2± 6.3 7231 130.4± 5.2 7231 83.9± 4.2
7283 285.2± 8.6 7283 198.9± 6.1 7283 122.5± 4.9 - -
7297 315.2± 9.5 7297 213.0± 6.5 7297 136.8± 5.5 7297 90.1± 4.5
7370 332.4± 10.0 7370 218.9± 6.6 7371 126.6± 5.1 7371 86.4± 4.3
7437 342.5± 10.3 7437 229.5± 7.0 7437 140.4± 5.6 7437 92.3± 4.6
7486 339.7± 10.3 7486 227.3± 6.9 7486 146.6± 5.9 7486 94.4± 4.7
7558 355.8± 10.7 7558 244.3± 7.4 7558 137.9± 5.5 7558 105.3± 5.3
7580 348.3± 10.5 7580 237.8± 7.2 7580 147.9± 5.9 7580 93.7± 4.7
7622 361.0± 10.9 7622 239.5± 7.3 7622 154.3± 6.2 7622 97.7± 4.9
7692 371.0± 10.5 7692 216.8± 7.4 7692 159.4± 6.4 7692 98.6± 4.9
7730 379.2± 11.4 7730 259.5± 7.9 7730 165.5± 6.6 7730 107.5± 5.4
7802 385.8± 11.6 7802 269.1± 8.1 7802 157.6± 6.3 7802 106.7± 5.3
7847 389.9± 11.8 7847 268.9± 8.1 7847 167.9± 6.7 7847 106.9± 5.4
7901 414.3± 12.5 7901 279.7± 8.5 7900 173.6± 7.0 7900 111.8± 5.6
7932 414.6± 12.5 7932 283.8± 8.6 7932 177.9± 7.1 7932 113.0± 5.7
7991 421.6± 12.7 7991 283.6± 8.6 7991 178.0± 7.1 7991 116.8± 5.9
8014 421.5± 12.7 8014 298.9± 9.0 8014 178.2± 7.1 8014 119.6± 6.0
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Table 2.2: Flux density exponential fitting parameters for ATCA and MOST1 data, from Day
5000.

ν S (a),(b)
0 ∆ RMS

(GHz) (mJy) (day) (mJy)
8.6–9 30.8± 0.7 2231± 63 3.18
4.8 46.4± 0.8 2213± 45 4.20
2.4 82.8± 1.0 2417± 40 6.44
1.4 135.3± 1.1 2678± 34 6.23
0.8 207.6± 1.7 2502± 42 9.43

aS(t) = S0e(t−t0)/∆, with t expressed in days; t0 = 5000 days; ∆ is the
e-folding time.
bMOST flux densities at 843 MHz are available from Ball et al. (2001) and the
web page http://www.physics.usyd.edu.au/sifa/Main/SN1987A.

2.3.2 Spectral indices

In Table 2.3 values of the spectral index α, where the flux density S = να and ν
is the frequency, found by linear regression, are given with yearly regularity since
the discovery of the remnant. As shown in Figure 2.6, from Day 1517 to Day 7084
the spectral index is calculated over five frequencies, i.e. MOST frequency at 843
MHz and the ATCA frequencies at 1.4, 2.4, 4.8 and 8.6 GHz, while afterwards
it is calculated over ATCA frequencies only. Quoted errors are 1σ. It should be
noted that there are some minor differences between the spectral index obtained
by fitting flux densities from observations between 843 MHz and 8.6 GHz cm (α1)
and from the four ATCA-only observations between 1.4 and 8.6 GHz (α2). These
differences, calculated at yearly-spaced epochs, are highlighted in Table 2.3. The
maximum deviation, ∆α, between the central values of the resultant α1 and α2 at
a given epoch, is 0.057, while the average deviation is 0.025. This corresponds to
an average percent difference, centred on α2, around 3%. However, since MOST
data are available to Day 7321, while ATCA data are available to Day 8014,
all spectral index values reported in Figures 2.7 − 2.8 , i.e. from the discovery
of the remnant to date, for consistency, were derived from ATCA-only frequencies.

Figure 2.7 shows that the spectral index has been more or less flattening since
day ∼2500, and this trend can be emphasized by a linear fit in the form of

α(t) = α0 + β0 × (t− t0)/∆, (2.3.2)

where t is expressed in days (d), t0 = 5000 d and ∆ = 365 d, α0 = −0.825±0.005
and β0 = 0.018 ± 0.001. The comparison of the linearly fitted spectral index α�
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Figure 2.3: (Caption on the following page.)
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Figure 2.3: Flux densities for SN 1987A, integrated over the whole remnant. Plots include
data from observations at: 1.4, 2.4, 4.8 and 8.6 GHz from August 1990 to February 2009
(ATCA) (solid black circles); 9 GHz from January 1992 to October 2008 (ATCA) (open red
diamonds); 843 MHz from February 1992 to March 2007 (MOST, Ball et al., 2001) (open green
squares). The scale is linear and is the same for all frequencies apart from an offset of 25 mJy.

Table 2.3: Spectral index obtained by fitted flux densities from all observations between 843
MHz and 8.6 GHz (α1) and from ATCA-only observations between 1.4 and 8.6 GHz (α2). Day
number is approximate.

Year Day α1 α2 ∆α1 ∆α/α2

(%)
5 1517 −0.932± 0.051 −0.885± 0.068 −0.047 5.26
6 1878 −0.994± 0.021 −0.975± 0.028 −0.019 1.96
7 2300 −1.012± 0.025 −1.033± 0.034 +0.021 −2.03
8 2774 −0.923± 0.020 −0.927± 0.033 +0.004 −0.46
9 3203 −0.892± 0.014 −0.895± 0.023 +0.004 −0.41
10 3633 −0.928± 0.011 −0.913± 0.010 −0.015 1.66
11 4015 −0.868± 0.025 −0.838± 0.027 −0.030 3.60
12 4291 −0.892± 0.012 −0.874± 0.007 −0.018 2.06
13 4800 −0.902± 0.015 −0.891± 0.022 −0.011 1.25
14 5160 −0.864± 0.012 −0.857± 0.018 −0.007 0.84
15 5546 −0.788± 0.036 −0.747± 0.041 −0.041 5.44
16 6004 −0.797± 0.015 −0.776± 0.012 −0.020 2.61
17 6355 −0.804± 0.019 −0.774± 0.007 −0.030 3.81
18 6770 −0.795± 0.037 −0.738± 0.008 −0.057 7.71
19 7084 −0.758± 0.037 −0.702± 0.016 −0.056 7.96

1∆α = α2 − α1. Note that the errors on α1 and α2 are correlated.

corresponding to Day 5000, i.e. α�
5000d = −0.826±0.019, with that corresponding

to Day 8000, i.e. α�
8000d = −0.673 ± 0.012, leads to a 18 ± 3% increase of the

spectral index over the last 8 years. For completeness, in Figure 2.8, the spectral
indices obtained from ratios of both the higher frequencies (4.8 and 8.6 GHz) to
the lower frequencies (1.4 and 2.4 GHz), are plotted in the same graph as the
α2 values. While spectral indices derived from the ratio of close frequencies, e.g.
2.4 and 4.8 GHz, exhibit a wider scatter, all ratios appear to have progressively
flattened since days ∼ 2500− 3000.
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Figure 2.4: (Caption on the following page.)
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Figure 2.4: Flux densities for SN 1987A. Plots include data from observations at: 1.4, 2.4,
4.8 and 8.6 GHz from August 1990 to February 2009 (ATCA) (solid black circles); 9 GHz from
January 1992 to October 2008 (ATCA) (open red diamonds); 843 MHz from February 1992
to March 2007 (MOST, Ball et al., 2001) (open green squares). Fit parameters are given in
Table 2.2. The scale is logarithmic and is the same for all frequencies apart from an offset of 1
dex.

2.4 Discussion

2.4.1 SN-CSM interaction

The radio flux density of the remnant as a function of time and frequency is a
guide to the conditions at the shock front. More specifically, while the analysis of
the emission at different frequencies provides details of the particle acceleration
mechanism that is associated with the shock propagation, the evolution of the
flux density in time provides insight into the properties of the material into which
the shock is expanding.

The observed steady increase of the radio emission over time is rather un-
usual for a SN twenty years after the explosion (Panagia 2000). Such increase
is normally only seen in the very early optically thick phase of radio supernovae
(Weiler et al. 2002). The fact that the radio emission has been observed to rise at
an exponential rate indicates that the propagating blast wave, and the increas-
ing shock volume associated with that, is interacting with an increasingly dense
region of the CSM, likely to be associated with the equatorial ring.

In the frequency domain, as shown by the radio spectra, the emission appears
to have a non-thermal power-law form, which is the signature of the synchrotron
process. This is usually attributed to particle acceleration from the first-order
Fermi mechanism, a process in which particles scatter between the upstream and
downstream regions of the forward shock to gain energy (for review see Jones &
Ellison 1991).

The spectrum of the accelerated particles can be expressed as a function of
the electron spectral index, γ, through the relationship

N(p) ∝ p−γ , (2.4.3)

where N is the particle density, p is the particle scalar momentum and

γ = (σs + 2)/(σs − 1), (2.4.4)
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with σs the compression ratio of the subshock (Jones & Ellison 1991). It should
be noted that the front of the forward wave consists of an extended precursor and
a viscous velocity discontinuity (subshock) of a local Mach number (M) that is
smaller than the total Mach number of the shock wave. According to the model
developed by Berezhko & Ksenofontov (2006), which fits SN 1987A data given in
Manchester et al. (2002), the compression ratio of the subshock can be taken as

σs ∼ σ/2, (2.4.5)

σ being the compression ratio of the total shock. The radio spectral index can
then be related to the electron spectral index as

α = (1− γ)/2. (2.4.6)

Taking α = −0.68 ± 0.01, as the lowest value derived from SN observations
in recent epochs, the resulting value of the subshock compression ratio is σs =
3.20± 0.04, which is lower than the classical value 4, obtained from

ρ2/ρ1 = (γg + 1)/(γg − 1), (2.4.7)

with γg = 5/3 the ratio of specific heats of a monatomic or fully ionised gas,
while ρ1 and ρ2 are the density of the upstream and downstream interstellar gas,
respectively. Considering the fitted spectral indices α�

5000d and α�
8000d, the com-

parison between the corresponding σs values leads to a 14 ± 3% increase of the
compression ratio from 2001 to 2009.

In the case of a young supernova remnant, i.e. a steadily brightening remnant,
such as that of SN 1987A, it is expected that either magnetic entanglement or
small-scale spatial fluctuations should be present (Ryutov et al., 1999). In this
scenario, from a macroscopic point of view, the magnetic field can be characterised
in terms of magnetic field density, B, which can be related to the compression
ratio to estimate the magnetic discontinuity associated with the propagating blast
wave. In the particular scenario of SN 1987A, where the forward shock has
likely reached the higher density matter in the equatorial ring, the major field
discontinuity is likely to be located by the forward shock, where the pressure on
the denser CSM in the ring will be much higher than the pressure on the CSM
shocked by the reverse shock. It follows that the ratio of the downstream to the
upstream magnetic field densities can be assumed to be

B2/B1 ∝ σ (2.4.8)

as from Berezhko & Ksenofontov (2006), where, in recent epochs, σ ∼ 6.4. Then,
since the particle acceleration process becomes efficient at the discontinuity in the
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Figure 2.5: Increase rate of flux densities per year, as derived from ATCA observations at
1.4, 2.4, 4.8 and 8.6 GHz from June 1990 to February 2009. Labels on nodal points indicate
years since supernova.

magnetic field density, the majority of the synchrotron emitting electrons is likely
to be generated along the propagating forward shock. As a direct consequence of
the increased compression ratio, the density of the particles accelerated by the for-
ward wave has also increased. In particular, considering the fitted spectral index
values α�

5000d and α�
8000d, the particle density has changed from N(p) ∝ p−2.65±0.04

to N(p) ∝ p−2.35±0.02 from 2001 to 2009, thus underlying the fact that the ac-
celeration process is becoming more efficient. The enhanced efficiency of particle
acceleration should allow the forward wave to match the energy requirements for
the production of cosmic rays (CRs). In turn, in presence of efficient CR accel-
eration, the magnetic field can grow via a non-resonant instability and become
orders of magnitude larger than that of the typical interstellar field (Bell 2004).
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Figure 2.6: Radio spectra from Year 4 to Year 22 since the supernova explosion at, approxi-
mately, yearly spaced epochs.
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Figure 2.7: Spectral indices as a function of time obtained from linear fits of ATCA obser-
vations at 1.4, 2.4, 4.8 and 8.6 GHz (full blue circles). The spectral index fit (dashed black
line) is calculated from Day 2511 as α(t) = α0 + β0 × (t− t0)/∆, where t is expressed in days
(d), t0 = 5000 d and ∆ = 365 d, α0 = −0.825 ± 0.005 and β0 = 0.018 ± 0.001. The black
asterisks are from the model presented in Berezhko & Ksenofontov (2006), which corresponds
to the upstream magnetic field B1 ∼ 3 mG and σ ∼ 3. This model predicts a steepening of the
spectral index over time instead of the observed flattening.

Detailed modelling of the hydrodynamic effects of shock propagation, which
is beyond the scope of this paper, is needed to explain the exponential trend
of the radio emission. However, previous models of SN 1987A that predicted
to some extent the observed evolution in the radio include that of Berezhko &
Ksenofontov (2000) and Berezhko & Ksenofontov (2006), who developed a model
which couples the CR acceleration process with the hydrodynamics of the ther-
mal gas (first proposed by Duffy, Ball & Kirk 1995). Based on the flux density
data reported by Gaensler et al. (1997) from Day 918 to Day 3325, Berezhko &
Ksenofontov (2000) (BK00) provide theoretical predictions up to Day 4780. In
Figure 2.9, the observations at 1.4 GHz are compared to the BK00 model curve.
While the BK00 predictions show, up to Day 4780, a continuous increase of the
radio emission, after day ∼ 3000 the increase rate appears to be somewhat lower
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Figure 2.8: Spectral indices derived from ratios between the higher (4.8 and 8.6 GHz) and
lower (1.4 and 4.8 GHz) ATCA frequencies, are plotted as a function of time and compared to
the values obtained from linear fits of radio spectra based on ATCA-only frequencies.

than what has been observed. In Figure 2.9, the observations at 1.4 GHz are
also compared to the flux densities derived from the model presented in Berezhko
& Ksenofontov (2006) (BK06) that corresponds to the upstream magnetic field
B1 ∼ 3 mG and σ ∼ 3. The BK06 model is calibrated on the radio data given by
Manchester et al. (2002) for Days 1970, 3834 and 5093, and provides theoretical
predictions for Day 7300 and Day 8249. This model curve appears to have an
increase rate higher than what observed, with predicted flux density on Day 8249
around twice the value measured on Day 8014. The model-data comparison in
terms of spectral index is shown in Figure 2.7. It can be seen that BK06 predict
steepening of the radio spectrum rather than the progressive hardening observed
since day ∼ 2500. Kirk et al. (1996) have shown that partial trapping of the parti-
cles by structures in the magnetic field, which results in a sub-diffusive transport
of particles at the shock front, can significantly soften the spectrum.
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Figure 2.9: Comparison of ATCA 1.4 GHz light curve (open gray circles) with models by
Berezhko & Ksenofontov (2000) and Berezhko & Ksenofontov (2006). The continuous black
line corresponds to the model based on the flux density data reported in Gaensler et al. (1997)
from Day 918 to Day 3325, and provides theoretical predictions up to Day 4780 (Berezhko &
Ksenofontov, 2000). The black asterisks are derived from the model presented in Berezhko &
Ksenofontov (2006) that corresponds to the upstream magnetic field B1 ∼ 3 mG and σ ∼ 3.
This model is calibrated on the radio data given by Manchester et al. (2002) for Days 1970,
3834 and 5093, and provides theoretical predictions for Day 7300 and Day 8249, which appear
to over-predict the observed flux density by a factor of almost two.
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Following a different approach, Chevalier & Dwarkadas (1995) (CD95) at-
tribute the SN radio emission observed since mid 1990 to the shock interaction
with an Hii region located inside the optical ring. While the radio emission would
be insignificant before the CSM ring collision because of the low-density surround-
ing medium, the CD95 model explains the time frame required for the turn-on of
the radio emission and for the shock wave to reach the dense ring. In particular,
CD95 derived that the Hii region, specifically modelled as a spherical shell cre-
ated by the blue supergiant progenitor star in the swept-up red supergiant wind,
would have delayed the encounter of the blast wave with the equatorial ring to
year 2005 ± 3. By then, a drastic increase in the radio flux was predicted. This
timing matches that of the radio emission from SN 1987A as observed to date.

2.4.2 SN 1987A at other wavelengths

From theoretical expectations, the SN 1987A remnant, in its current stage, can
be conceived as a structure including the following regions:

(a) the unshocked ejecta in the centre;

(b) the ejecta shocked by the reverse shock;

(c) the CSM at the inner edge of the equatorial ring shocked by the reverse shock;

(d) the CSM at the outer edge of the equatorial ring shocked by the forward
shock;

(e) the CSM within the inner ring radius which, after being shocked by the
forward shock, have been shocked also by the reflected shock.

In regards to region (e), the reflected shock would have appeared when the for-
ward wave suddenly encountered the higher density CSM in the equatorial ring.
Observations at optical/near-IR wavelengths have helped to distinguish the emis-
sion sites (a)–(c), while X-ray and radio observations have captured the different
types of emission coming from the shocked CSM localised in sites (c)–(e).

The X-ray, Hα and IR fluxes ares compared to the radio flux in Figure 2.10.
X-ray data from Chandra ACIS are updated to Day 7271 (Park et al., 2007).
ROSAT data (up to Day 3950) and XMM-Newton data (Days 4712, 5156 and
5918) are taken from Haberl et al. (2006). Hα flux values are taken from Son-
neborn et al. (1998), Smith et al. (2005), and Heng et al. (2006). IR data (Days
6190 and 7137) are as reported by Dwek et al. (2008). The radio flux is derived
after integrating the flux density in the frequency range between 1 and 10 GHz.
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Given the scatter of the spectral index values obtained from observations at the
four ATCA frequencies (see Figures 2.7, 2.8), the linear fit values, α�, correspond-
ing to each epoch, were used to calculate the radio flux.

As shown in Figure 2.10, from early epochs to days 4500−5000, the evolution
of the radio flux seems to be matched by that of ROSAT X-ray data. It should
be noted that, while ROSAT was not able to detect any hard X-ray component,
the fact that the SN was initially detected as a faint soft X-ray (∼ 0.5 − 2 keV)
source has been discussed by Hasinger et al. (1996). On the other hand, with
Chandra both the soft and hard (∼ 3 − 10 keV) X-ray components of the emis-
sion have been observed. From days 6000 − 6500 onwards, a similarity between
the increase rate of the radio flux curve and that of the hard X-ray flux is evident.

Up to days 4500− 5000, the soft X-ray light curve can be fitted by a power-
law curve F (t) ∝ t2. The similarity between the increase rates of the soft X-ray
and radio fluxes, within this part of the light curves, might imply that, up to
days 4500–5000, the soft X-ray and radio emission occupied the same volumes.
Around days 4500 − 5000, the soft X-ray flux started to rise at an exponential
rate much steeper than that of the radio flux, i.e. F ∝ et/∆, with t expressed in
days (d) and ∆ = 875 ± 3 d. To justify such a change of the flux increase rate,
Park et al. (2005) suggested that the soft X-rays could be produced by the de-
celerated forward shock entering the dense protrusions of the equatorial ring. In
fact, since the departure from the initial power law curve can be identified around
the time when hot spots were discovered on both sides of the ring (Lawrence et
al., 2000), the steep increase of the soft X-ray emission might flag the beginning
of the interaction between the shock wave and the dense gas all around the equa-
torial ring. Accordingly, if the blast wave struck the ring, at this time a reflected
shock must have been generated due to impact with the higher density matter.
The reflected shock would then slow the X-ray emitting gas to the velocity of
the transmitted shock. This twice-shocked gas, characterised by much greater
density and higher temperature than the gas behind the blast wave, would then
be likely to have significantly increased soft X-ray emissivity. In such a scenario,
whose plausibility has been discussed by Zhekov et al. (2009), the exponential
rise observed in the soft X-ray flux since days 4500− 5000 could be the result of
the increasing volume of the shocked gas by the expanding forward shock, as well
as of the twice-shocked gas. If this is the case, the soft X-ray overall emission
would be now bounded by the forward and reverse shocks.

According to Ng et al. (2008), the radio emission overtook the optical inner
ring around days 6000−6500. Evidence that the inner ring is being swept by the
shock wave can be found in the IR data. In particular, the IR data plotted in
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Figure 2.10: (Caption on the following page.)
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Figure 2.10: Comparison of the radio flux with X-ray, Hα and infrared fluxes. Chandra ACIS
X-ray data (up to Day 7271) are from Park et al. (2007); ROSAT data (up to Day 3950) and
XMM-Newton data (Days 4712, 5156 and 5918) are from Haberl et al. (2006); Hα flux values
are from Sonneborn et al. (1998), Smith et al. (2005), and Heng et al. (2006); Spitzer data
(Days 6190 and 7137) are from Dwek et al. (2008). The radio flux was derived after integrating
the flux density in the 1− 10 GHz frequency range. To match the scale of ROSAT data, radio
flux values have been multiplied by a factor of 2.7× 107.

Figure 2.10 show that the IR flux has doubled from Day 6190 to Day 7137. The
observation that the ratio of the IR to the soft X-ray flux has decreased from 5 to
3 from the first to the second observation epoch, suggests that the propagation
of the shock has been destroying the dust grains (Dwek et al., 2008).

As regards the hard X-ray flux, from days ∼ 5000−5500 to days ∼ 6000−6500,
the flux curve looks somewhat similar to that outlined by the Hα flux values at
corresponding epochs, while, after days ∼ 6000− 6500, as mentioned above, the
rate of the flux increase seems to have slowed and have become closer to that of
the radio flux. The similarity between the trend of hard X-ray and radio fluxes
has been noted before (Park et al., 2007, 2005). Park et al. (2007) also noted that,
since the morphology of hard X-ray images are no longer distinguishable from that
of soft X-ray images, the origin of hard X-ray emission is uncertain. It is known
that the Hα emission essentially comes from the inner edge of the equatorial ring,
as a result of the impact of the shock wave with the dense obstacles that protrude
inward from the ring (Michael et al. 2000, 2003). However, since the data from
Day 3743 to Day 6577 are affected by large systematic uncertainties, it is difficult
to discern between the two limiting behaviours of the Hα emission, specifically
F (t) ∝ t and F (t) ∝ t5 (see Heng et al. 2006). Heng et al. (2006) theorised that
the Hα emission consists of two main components, both related to the reverse
shock:

(i) a fainter inner component, that comes from freely-streaming hydrogen atoms
in the supernova debris and originate within the reverse shock emission;

(ii) a brighter component, that comes from the surface of the reverse shock.

The fact that, from days ∼ 5000 − 5500 to days ∼ 6000 − 6500, the magnitude
of the Hα and hard X-ray emissions seems to align to some extent, could thus
indicate that the hard X-ray emission might be associated with the reverse shock.
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In Figure 2.11, the ratios of the X-ray, Hα, and IR to the radio flux are com-
pared from Day 1448 to Day 7271. It can be noted that, while some measurements
suffer from greater error, some features can be identified. In particular, the ratio
of the soft X-ray to the radio flux is practically constant from day ∼1500 to day
∼4000. Then, from day ∼4500 to day ∼7000, the ratio increases by a factor of
6. The increase in flux ratio appears to have flattened after day ∼6600. Park et
al. (2005) noted the fact that this can be associated with the drastic decelera-
tion of the expansion velocity of the X-ray emitting hot gas, which was detected
around day ∼6200. This could correspond to the time when the forward shock
has started to decelerate, while overtaking the denser matter within the main
body of the equatorial ring (Bouchet et al., 2006). Drastic deceleration in the
remnant evolution is not confirmed by observations in the radio (Ng et al., 2008).
As regards the ratios of Hα to the radio flux, values have been varying from a
low 0.6 on Day 3743 to unity on Day 5729, while they appeared to have been
decreasing afterwards. Ratios of IR to radio flux have increased by ∼ 30% from
the first to the second epoch of observation.

2.4.3 SN 1987A and other radio supernovae

The radio emission from Type II SNe can be understood with a model (Chevalier
1982) in which a synchrotron source generated by the blast wave interacts with
an optically thick CSM, which becomes optically thin at larger radii. The density
pattern of the CSM is presumed to be established by the nature of the progen-
itor and the mass-loss history associated with the progenitor wind. Long-term
observations of radio SNe essentially allow us to probe the radial dependence of
the surrounding CSM and to monitor the changes of the CSM structure. Because
of its near proximity, SN 1987A is a Type II-P SN that was detected from the
early stages, thus allowing detailed scrutiny of one of the most complex CSM
surrounding a SN, as well as of the evolving interaction between the blast wave
and such CSM.

There are few Type II SNe detected from such early stages with well-sampled
light curve (Weiler et al. 2002). SN 1993J in M81 (Weiler et al., 2007) is a Type
II-b SN that has been observed as early as one or two days after explosion. Due to
the mass-loss of the progenitor before the explosion, SN 1993J has shown a radio
evolution that is practically opposite to that of SN 1987A. More specifically, the
radio emission of SN 1993J is characterised by an exponential decay, with a de-
cline rate that is significantly steepening, and by a constant spectral index. Such
decay of the radio flux, which started to affect all observed frequencies ∼1000
days after the SN discovery, has been interpreted in terms of a sudden decrease
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Figure 2.11: Normalized ratio of the radio flux to the soft and hard X-ray, Hα and IR fluxes.
For data references see Figure 2.10.
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of the CSM density. Opposite is the case of SN 1996cr in the Circinus Galaxy
(Bauer et al., 2008), a Type II-n SN strongly interacting with the CSM and ob-
served in the radio within days of the explosion. The progenitor of SN 1996cr
appeared to have changed evolutionary states just prior to the explosion. Thus,
similar to SN 1987A, SN 1996cr is potentially facing an increase of the remnant
brightness in the future, as result of the possible interaction with a surrounding
ring or a disk left from the progenitor explosion, which, however, has not been
detected.

As regards the small group of Type II-P SNe like SN 1987A, the more recent
SN 2004dj in NGC 2403 (Stockdale et al., 2004a) and SN 2004et in NGC 6946
(Stockdale et al., 2004b) have been closely observed in the radio since their dis-
covery. SN 2004dj, detected in the radio only a few days after the explosion, is
the brightest SN since SN 1987A and, to date, the only other Type II-P super-
nova which has a well-sampled radio light curve. However, SN 2004dj is currently
very faint in radio, as it is still in the transition from radio supernova to super-
nova remnant (Beswick et al., 2005). The emission structure of SN 2004et is an
example of a Type II SN that could provide insight into the reasons behind the
asymmetry of many SN remnants. SN 2004et is in fact characterised by an asym-
metric shell that might be the result of anisotropies of the CSM or asymmetry in
the CSM distribution (Martí-Vidal et al., 2007).

Examples of Type II SNe with well-sampled light curves, but observed as late
as months or years after the explosion, are similarly aged Type II-L SN 1979C,
observed since day ∼500 (Montes et al., 2000; Weiler et al., 1986), and SN 1980K,
observed since day ∼100 (Montes et al., 1998; Weiler et al., 1986), as well as Type
II-n SN 1988Z, observed since ∼day 400 (Williams et al., 2002). Compared with
SN 1987A, these SNe have shown a surrounding medium of less complex struc-
ture, as, by days ∼ 1500 − 2000 at the latest, their radio emission has declined
at all frequencies.

2.5 Conclusions
In this study, we have presented the results of 22 years of observations at radio
wavelengths of SN 1987A. In particular, we have discussed the evolution of the
supernova remnant in light of the flux density derived from monitoring observa-
tions at 1.4, 2.4, 4.8, 8.6 GHz (ATCA), imaging observations at 9 GHz (ATCA),
as well as from observations at 843 MHz (MOST).
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The fact that, at least since day ∼5000, the radio emission has been rising
at an exponential rate, signifies that SN 1987A is undergoing a transition, i.e.
the blast wave has reached a denser region of the CSM and is interacting with it.
Moreover, the exponential increase rate of the flux density, which can be observed
at all frequencies, is accompanied by a progressive flattening of the radio spec-
trum. A flatter radio spectrum corresponds to a flatter momentum spectrum for
the particles accelerated by the shock front, which, in turn, is an indication of the
increased production of non-thermal electrons and other cosmic rays. Therefore,
the exponential increase of the radio light curve is likely to be a consequence of
the increased efficiency of the acceleration mechanism that generates synchrotron
radiation at the forward shock.

Based on the analysis of the composite light curves, the blast wave is likely
to have reached the inner protrusions of the inner optical ring around days
∼ 4500 − 5000. Since then the soft X-ray flux has undergone an exponential
increase much steeper than that measured at other wavelengths. The increase
of the soft X-ray flux appears to be the most outstanding consequence of the
forward shock encountering the equatorial ring. However, the radio emission has
also been increasing exponentially, albeit at a slower e-folding rate.

At the moment, predictions on future developments of the radio remnant are
still uncertain, primarily because of the poor understanding of the CSM surround-
ing the remnant, the insufficient knowledge of particle acceleration mechanisms,
as well as of the evolution of the magnetic field. However, it is likely that the
radio emission will further brighten, as the interaction of the shock wave with the
dense CSM progresses.
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Abstract

We present new imaging observations of the remnant of Supernova (SN) 1987A
at 44 GHz, performed in 2011 with the Australia Telescope Compact Array
(ATCA). The 0.��35×0.��23 resolution of the diffraction-limited image is the highest
achieved to date in high-dynamic range. We also present a new ATCA image at
18 GHz derived from 2011 observations, which is super-resolved to 0.��25. The flux
density is 40±2 mJy at 44 GHz and 81±6 mJy at 18 GHz. At both frequencies,
the remnant exhibits a ring-like emission with two prominent lobes, and an east-
west brightness asymmetry that peaks on the eastern lobe. A central feature of
fainter emission appears at 44 GHz. A comparison with previous ATCA obser-
vations at 18 and 36 GHz highlights higher expansion velocities of the remnant
eastern side. The 18–44 GHz spectral index is α = −0.80 (Sν ∝ να). The spectral
index map suggests slightly steeper values at the brightest sites on the eastern
lobe, whereas flatter values are associated with the inner regions. The remnant
morphology at 44 GHz generally matches the structure seen with contempora-
neous X-ray and Hα observations. Unlike the Hα emission, both the radio and
X-ray emission peaks on the eastern lobe. The regions of flatter spectral index
align and partially overlap with the optically-visible ejecta. Simple free-free ab-
sorption models suggest that emission from a pulsar wind nebula or a compact
source inside the remnant may now be detectable at high frequencies, or at low
frequencies if there are holes in the ionised component of the ejecta.
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3.1 Introduction
Radio supernovae (SNe) result from the collision between a supernova shock and
the progenitor’s circumstellar medium (CSM). As the interaction between the
propagating blast wave and the CSM drives the particle acceleration process, su-
pernova remnants (SNRs) are natural laboratories for studying particle spectra
and their variation in time (see Weiler et al. 2002, for a review).

Supernova 1987A in the Large Magellanic Cloud, as the only nearby core-
collapse supernova observed to date, has provided a unique opportunity to study
the evolution of the SN-CSM interaction in young radio remnants. The complex
CSM distribution in the SNR is believed to have originated from a red supergiant
(RSG) which has evolved into a blue supergiant (BSG) about 20,000 years be-
fore the explosion (Crotts & Heathcote 2000). Models of the progenitor evolution
suggest that the equatorially denser, i.e. slower, RSG wind (Blondin & Lundqvist
1993; Martin & Arnett 1995) was swept up by the faster BSG wind (Morris &
Podsiadlowski 2007), thus forming high density rings. In particular, beside the
central circular ring in the equatorial plane (equatorial ring, ER), observations
with the Hubble Space Telescope (HST ) have also revealed two outer rings that
formed from the mass loss of the progenitor star, located on either side of the
equatorial plane (Jakobsen et al. 1991; Plait et al 1995), which confer to SNR
1987A a peculiar triple-ring nebula structure.

Since the radio detection of the remnant in mid-1990 (Turtle et al. 1990),
the synchrotron emission has been generated by the shock wave propagating into
the ring-shaped distribution of the CSM in the equatorial plane. Monitoring of
the flux density has been regularly undertaken with the Molonglo Observatory
Synthesis Telescope (MOST) at 843 MHz and at 1.4, 2.4, 4.8 and 8.6 GHz with
the Australia Telescope Compact Array (ATCA) (Staveley-Smith et al. 1992).
ATCA observations have been ongoing for ∼25 years (Ball et al. 2001; Gaensler
et al. 1997; Manchester et al. 2002; Staveley-Smith et al. 1993, 2007; Zanardo et
al. 2010). An exponential increase of the flux density has been measured at all
frequencies since day ∼5000 after the explosion, which is likely due to an increas-
ing efficiency of the acceleration process of particles by the shock front (Zanardo
et al. 2010).

The morphology of the non-thermal radiation emitted by relativistic electrons
accelerated in the remnant, has been investigated using images at 9 GHz since
1992 (Staveley-Smith et al. 1993), with a spatial resolution of 0.��5 achieved via
maximum entropy super-resolution (Gaensler et al. 1997; Ng et al. 2008). These
images have provided the first insight into the marked east-west asymmetry of
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the radio emission. As receivers operating in the 12 mm band (16 − 26 GHz)
were introduced at the ATCA in 2001, the first imaging observations at 18 GHz
were undertaken in 2003 July, at an effective resolution of 0.��45 (Manchester et
al. 2005). Very long baseline interferometry (VLBI) observations of the SNR
were successful in 2007 October (Tingay et al. 2009) and 2008 November (Ng
et al. 2011) at 1.4 and 1.7 GHz, respectively. These observations provided the
first images with ∼ 0.��1 resolution, but with low sensitivity and dynamic range.
Nevertheless, the VLBI images captured the presence of small-scale structures
in bright regions (Ng et al. 2011). At the same time, ATCA observations at 36
GHz in 2008 April and October resulted in high-dynamic range images with an
angular resolution of 0.��3 (Potter et al. 2009). The 36 GHz images, in combination
with the 9 GHz observations at similar epochs, were used to construct the first
spectral index image of the SNR, with a resolution of 0.��45. The resultant map
provided the first glimpse into the spatial variations of the synchrotron spectral
index across the remnant, and hinted at the possible association between flatter
spectral indices and the bright sites in both lobes. After the ATCA upgrade in
mid-2009 with the Compact Array Broadband Backend (CABB) (Wilson et al.,
2011), the remnant was imaged at higher frequencies. The first resolved image at
94 GHz was produced from observations between 2011 June and August (Lakiće-
vić, Zanardo et al. 2012a). Comparison of the 94 GHz image with data at 9 GHz
yielded a low-resolution spectral index map, with a much larger region of flatter
spectral index on the eastern lobe than on the western lobe.

This paper presents the first high-resolution image of SNR 1987A at 44 GHz
and a new image at 18 GHz, both derived from ATCA observations performed
in 2011. In § 3.2 and § 3.3 we describe the imaging procedure and the resultant
remnant morphology. In § 3.4, we estimate the remnant expansion rate, by com-
paring the 44 GHz data with the 36 GHz data from 2008, while the new 18 GHz
data are compared to the 2003 datasets at 17 and 19 GHz. In § 3.5 we assess the
18–44 GHz spectral index distribution, via different spectral mapping techniques.
In § 3.6, the comparison of the 44 GHz image and contemporaneous X-ray and
Hα observations, is discussed. In § 3.7 we assess the likelihood of detecting at 44
GHz the radiation emitted by a compact source located within the inner regions
of the remnant.

3.2 Observations
SNR 1987A was observed at 44 GHz with the ATCA in 2011 January and Novem-
ber. The observations were performed on January 24 with the array in 6A config-
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Table 3.1: Observing Parameters

Parameter 18 GHz 44 GHz
Date 2011 Jan 26 2011 Jan 24 2011 Nov 19
Day since explosion 8738 8736 9036
Center frequencies∗ (GHz) 16.963 & 18.964 43.026 & 45.026
No. of antennas 6 6 6
Array configuration 6A 6A 1.5D
Total observing time(hr) 9.18 9.68 9.82
Averaged rms path length (µm) 274 236 198

∗CABB wideband mode on two interleaved 2.0–GHz wide frequency bands,
each with 2048×1–MHz channels.

uration and on November 19 with the array in 1.5D configuration, with maximum
baselines of 5939 m and 4439 m, respectively. The observations were taken over
2×2-GHz bandwidth and centred on 43 and 45 GHz. The observations at 18 GHz
were performed on 2011 January 26 with the ATCA in 6A configuration, in two
bands, each of 2-GHz width, centred on 17 and 19 GHz. Atmospheric conditions
were exceptional during both the 44 GHz sessions with rms of the path length
fluctuations below 250 µm, thus confirming that phase stability conditions at
the ATCA can be met not only in winter but also in spring and summer nights
(Middelberg et al. 2006). The rms of the path length fluctuations was below 300
µm during the 18 GHz session. The parameters of the three observing sessions
are listed in Table 3.1.

In all observations, the standard bandpass calibrator PKS B0637–752 was ob-
served for 2 minutes every 90 minutes, while the phase calibrator PKS B0530–727
was observed for 1.5 minutes every 6 minutes on the source. Uranus was used as
flux density calibrator at 43 and 45 GHz. At 17 and 19 GHz, we used PKS B1934-
638 as primary flux density calibrator. This is tied to Mars and has a stable flux
density at 12 mm-wavelength, as shown in Sault (2003). The absolute flux scale
of both Mars and Uranus between 1 and 50 GHz has been shown to have an un-
certainty of 1 − 3% (Perley & Butler, 2012). With good atmospheric conditions
and good calibration, we estimate that the flux calibration accuracy at 18 and
44 GHz is within 5%. The observations were centred on RA 05h 35m 27.s975, Dec
−69◦ 16� 11.��08 (J2000), as in Potter et al. (2009).
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The MIRIAD
1 data reduction package was used to process all datasets. For

the 44 GHz observations, the task atfix was first used to apply corrections to the
system temperatures, instrumental phases and baseline lengths. The January and
November datasets were imaged, CLEAN-ed (Högbom 1974) and self-calibrated
separately before being combined. In particular, the preliminary CLEAN model
was constructed by using 400 iterations for the January dataset and 180 for the
November dataset. Phase self-calibration was performed on the separate datasets
and on the combined data, over a 2-minute solution interval. For imaging, a
weighting parameter of robust = 0.5 (Briggs 1995) was used. Deconvolution of
the combined data was performed with the maximum entropy method (MEM;
Appendix A) (Gull & Daniell 1978). The MEM model of the combined data led
to diffraction-limited image resolution of 0.��35 × 0.��23 with a moderate dynamic
range (∼165). The diffraction-limited image was then slightly super-resolved us-
ing a 0.��25 circular beam (for details on the super-resolution process see Appendix
A). Figures 3.1 and 3.2 show the combined Stokes I continuum image derived
from the January and November observations before and after super-resolution.
The image yields an integrated flux density for the SNR of 40 ± 2 mJy at day
8886 after the explosion, where the rms error in the image and the flux density
uncertainty are added in quadrature. In Stokes Q, U and V images, the source
is not detected. The 3σ upper limits to the flux densities are 60 µJy beam−1 or
2% of the maximum Stokes I flux density.

The data from the 18 GHz observations were flagged, then split into the sepa-
rate observing bands until the imaging and deconvolution steps, so as to account
for frequency-dependent terms in the calibration step. Phase self-calibration was
performed over a 2-minute solution interval, which gave sufficient S/N ratio. As
for the reduction procedure of the 44 GHz data, the weighting parameter robust
was set at 0.5 and, after data deconvolution via MEM, the resulting image was
restored with the diffraction-limited beam of half-maximum size 0.��63×0.��47. Be-
cause of the high S/N, a super-resolved image was also obtained by restoring the
MEM model with a 0.��25 circular beam, as Manchester et al. (2005) have shown
that this degree of super-resolution gives reliable images. The diffraction-limited
and super-resolved versions of the Stokes I continuum 18 GHz image of SNR
1987A, as derived at day 8738 since the explosion, are shown in Figures 3.3 and
3.4. The image gives an integrated flux density for the SNR of 81± 6 mJy. The
image parameters are summarised in Table 3.2.

1 http://www.atnf.csiro.au/computing/software/MIRIAD/

http://www.atnf.csiro.au/computing/software/MIRIAD/
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Figure 3.1: Diffraction-limited Stokes I continuum image of SNR 1987A at 44 GHz made by
combining observations performed with the ATCA on 2011 January 24 and 2011 November 16.
The beam size is 0.��35× 0.��23 as plotted in the lower right corner. The off-source rms. noise is
∼0.02 mJy beam−1.

3.3 Morphology of the radio emission

3.3.1 44 GHz morphology

The emission at 44 GHz appears to be mainly distributed in an elliptical ring,
with brightness peaking on the eastern lobe. The east-west asymmetry of the
radio emission is a characteristic of SNR 1987A, which has emerged since the
first ATCA images (Gaensler et al. 1997), and has been monitored via the super-
resolved ATCA images at 9 GHz (Ng et al. 2008, hereafter N08). This asymmetry
has been confirmed in ATCA observations at 18, 36 and 94 GHz (Lakićević, Za-
nardo et al. 2012a; Manchester et al. 2005; Potter et al. 2009). Slices through the
44 GHz image at six position angles are shown in Figure 3.5. The brightness of
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Figure 3.2: Slightly super-resolved 44 GHz image obtained using a 0.��25 restoring circular
beam (lower right corner).

the eastern lobe peaks between the radial profiles at 60◦ and 90◦, while the ratio
of the profile maxima corresponding to the brightness peaks of the eastern and
western lobes, is ∼1.5. Overall, the eastern half of the image appears significantly
brighter than the western one, with a ratio of ∼1.6 between the integrated flux
densities of the two regions, i.e. east and west of the geometric centre, approx-
imately located ∼75 mas east of the VLBI position of the SN (Reynolds et al.
1995) [RA 05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)]. This emission ratio
is higher than the ∼ 1.4 obtained at 9 GHz (N08) and the ∼ 1.3 measured at
36 GHz (Potter et al. 2009), via fitting the images with an equatorial belt torus
characterised by a west-east linear gradient of the brightness distribution (N08).

The profiles also show a possible third peak slightly west of the centre of the
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Figure 3.3: Diffraction-limited Stokes I continuum image of SNR 1987A at 18 GHz from
observations performed on 2011 January 26 using the ATCA. The beam size is 0.��63× 0.��47 as
plotted in the lower left corner. The off-source rms. noise is ∼90 µJy beam−1.

remnant, which reaches maximum in the 120◦ slice, at 47% of the brightness peak
of the western lobe. The overall emission from this central region is 1.4±0.2 mJy,
thus making ∼ 4% of the total integrated flux density.

In Figure 3.6, the 44 GHz image is compared to the 2008 observations at
36 GHz (see Table 3.3). The remnant expansion over the 4-year time frame is
noticeable from the contours of the peak flux density at identical levels. A total
integrated flux density of 23.6± 5.2 mJy is derived by scaling the flux density of
the 36 GHz image to that associated with the remnant at 44 GHz at the same
epoch, as α = −0.68 results at day 7815 from the spectral index function that
fits observations between 1.4 and 8.6 GHz (see Figure 7 in Zanardo et al. 2010).
This leads to a yearly flux density increase of 24± 6%, which is higher than the
17 ± 8% per year derived at 8.6 GHz by Zanardo et al. (2010), from monitoring
observations between Year 20 and 21.
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Figure 3.4: Super-resolved 18 GHz image obtained using a 0.��25 restoring circular beam (lower
left corner).

In Figure 3.7, the 44 GHz image is compared with that derived by fitting
the N08 inclined-torus model to the 9 GHz observations performed in 2011 April
22 (Ng, Zanardo et al. 2013). The fitted model has a radius of 0.��917, which
surpasses by ∼67 mas that used to fit the 36 GHz image in 2008 (Potter et al.
2009). The flux of the 9 GHz model is scaled to that corresponding at 44 GHz,
via the spectral index α = −0.74, which is extrapolated from contemporaneous
ATCA observations spanning from 1.4 to 94 GHz (see Figure 3.8). The resul-
tant model image, as shown in Figure 3.7, has a total integrated flux density of
40 ± 1 mJy and the restoring beam of the diffraction-limited image at 44 GHz.
The residual between the model and the actual visibilities demonstrates that the
model matches the observations along the profile at PA 90◦, where the ratio of
the brightness peaks between the two lobes equals the ∼ 1.6 measured in the
observations. The residual visibilities peak on the eastern lobe at PA 30◦ and
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Fig. 3.— Radial slices through the diffraction-limited 44 GHz image at 6 position angles. Black dots on vertical axes indicate the
position of the zero for each slice. The offset is radial from the VLBI position of SN 1987A as determined by Reynolds et al. (1995) [RA
05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)], and is positive toward east and/or north.

Figure 3.5: (Caption on the following page.)
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Figure 3.5: Radial slices through the diffraction-limited 44 GHz image at 6 position an-
gles. Black dots on vertical axes indicate the position of the zero for each slice. The offset
is radial from the VLBI position of SN 1987A as determined by Reynolds et al. (1995) [RA
05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)], and is positive toward east and/or north.

150◦, since the new observations exhibit more extended bright regions than that
reproduced by the linear gradient of the modelled flux distribution. The linear
gradient assumption also constrains the ratio of the integrated flux density over
the eastern and western halves of the image, to ∼ 1.3. Therefore, the N08 model,
which fits well the radio remnant as seen at 9 GHz, might not be applicable to
the large-scale emission morphology that emerges from the 44 GHz observations.

3.3.2 18 GHz morphology

In the diffraction-limited image, the emission at 18 GHz looks primarily ring-
shaped, while a secondary structure seems to emerge from the super-resolved
image (see Figure 3.3). Two arm-like features appear to stem from the northern
and southern edges of the major ellipsoidal structure of the emission, peaking
at PA 0◦, and extending towards the western side of the remnant. While these
features suggest a double-ring formation within the SNR, they might more likely
be noise artefacts of the super-resolution process.

In terms of remnant asymmetry, at 18 GHz the radial profiles in Figure 3.9
show that the asymmetry peaks on the eastern lobe between PA 60◦ and 90◦. The
asymmetry ratio between the eastern and western brightness peaks is ∼ 1.4, and
a similar ratio is obtained from the ratio between the flux density integrated over
the eastern and western halves of the image. This value matches the asymmetry
ratio derived by N08 from 1992− 2008 data at 9 GHz.

In Figure 3.10, the super-resolved image is compared to that derived from
previous ATCA observations at 18 GHz performed in 2003 July 31, which was
also super-resolved to 0.��25 (Manchester et al. 2005, Table 3.3) The morphology
similarities between the 2003 and 2011 images emphasise the significant expan-
sion of the remnant over 8 years. Slices through the 2011 image indicate that the
central emission varies from 20% to 24% of the brightness on the eastern lobe.
This figure is consistent with the 2003 observations, where the central emission
was estimated to be ∼20% of the average ring intensity (Manchester et al. 2005).
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Figure 3.6: Comparison between the 44 GHz image and that derived from ATCA observations
at 36 GHz performed in 2008 (Potter et al. 2009). The 44 GHz image is restored with the
0.��33 × 0.��24 beam that characterises the diffraction-limited image at 36 GHz, which is set at
PA −1.3◦ (see Table 3.3, Potter et al. 2009). The contours at levels 25%−85% of the peak flux
density, in step of 10%, are in blue for the 36 GHz image and in orange for the 44 GHz image.
To highlight the morphological differences of the brightest sites in the two images, the 44 GHz
contours at 45%, 65% and 85% of the peak flux density, are filled in yellow, orange and brown.
The cross-hair symbol marks the VLBI position of SN 1987A (Reynolds et al. 1995.)

Table 3.2: Image Parameters

Parameter 44 GHz 18 GHz
Integrated flux density (mJy) 40± 2 81± 6
Restoring beam (��) 0.350× 0.225 0.630× 0.474
Position angle (◦) 1.674 0.879
Rms noise (mJy/beam) 0.023 0.088
Dynamic range ∼ 165 ∼ 176
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Figure 3.7: (Caption on the following page.)
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Figure 3.7: Comparison of the diffraction-limited 44 GHz image (top), as derived from ATCA
observations performed in 2011 January and November, with the image generated with the
Fourier-domain model (centre) developed by Ng et al. (2008) to fit the SNR observations at
9 GHz. The model used in the comparison fits the 9 GHz observations performed in 2011
April 22 (Ng, Zanardo et al., 2013), and has a radius of 0.��917. To match the total flux of the
observations at 44 GHz, the model flux density has been scaled using a spectral index α = −0.74
(see Figure 3.8). Bottom: Dirty map of the residual visibilities obtained by subtracting the
model from the 44 GHz observations. No deconvolution has been applied to the residual.

Figure 3.8: Spectral index of SNR 1987A as determined from ATCA observations performed
in 2011. In detail, the spectral index is determined from the power-law fit to the flux densities
measured at five frequencies: 1.4 GHz (Zanardo et al., in preparation) (solid circle), 9 GHz
(Ng, Zanardo et al., 2013) (hollow triangle), 18 and 44 GHz (this paper) (hollow circle), and
94 GHz (Lakićević, Zanardo et al. 2012a) (solid diamond). The fit yields α = −0.74± 0.01.
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Table 3.3: Pre-CABB ATCA Images at 18 and 36 GHz

Parameter 18 GHza 36 GHzb

Observing session 2003 July 31 2008 Apr 25 & Oct 7,8,12
Day since explosion 6003 7815c
Centre frequencies (GHz) 17.3 & 19.6 34.9 & 37.4
Flux density (mJy) 27± 4 27± 6
Restoring Beam (��) 0.45× 0.39 0.33× 0.24
Position Angle (◦) 2◦ −1.3◦

Super-resolution (��) 0.25 −
a See Manchester et al. (2005).
b See Potter et al. (2009).
c Average date of the combined datasets.

The integrated flux density of the 2003 image, as derived from the combi-
nation of the data at 17.3 and 19.6 GHz, was 27 ± 4 mJy, which is lower than
that expected from an extrapolation of the radio spectrum. This value leads to
a threefold increase in flux from day 6003 to 8738, i.e. a yearly increase rate of
27± 5%. This increase rate exceeds the 17± 8% per year derived at 8.6 GHz by
Zanardo et al. (2010), for data between Year 20 and 21 since the SN.

3.4 Remnant expansion
From 1987 to 1992, i.e. in the early stages of the SNR, the remnant had an expan-
sion velocity of ∼ 30,000 km s−1 (Gaensler et al. 1997). When the radio emission
re-emerged, this was followed by a drastic deceleration to 3000 km s−1 (Gaensler
et al. 1997). From 1992 to 2008, the expansion has been determined from the
radius of the 9 GHz images fitted via a torus model, with a resultant velocity of
4000±400 km s−1 from ∼day 1800 to day 7620 (N08).

In Figure 3.11, the expansion of the remnant at 18 and 44 GHz is estimated
as the change over time of the distance between the VLBI position of the SN
(Reynolds et al. 1995) and the mean position of the peak of brightness for the
eastern and western lobes, as derived from the emission profile at PA 90◦ centred
on the SN coordinates. Comparison between observations at 18 GHz at day 6003
and 8738, gives a velocity of 4100 km s−1 (blue line), while the comparison be-
tween the 36 and 44 GHz datasets, within the 2008–2011 time frame, leads to a
velocity of 3900 km s−1 (purple line). An identical result of 3900 ± 300 km s−1
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Fig. 7.— Radial slices through the diffraction-limited 18 GHz image at 6 position angles. Black dots on vertical axes indicate the
position of the zero for each slice. The offset is radial from the VLBI position of SN 1987A as determined by Reynolds et al. (1995)
(J2000)], and is positive toward east and/or north.

Figure 3.9: (Caption on the following page.)
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Figure 3.9: Radial slices through the diffraction-limited 18 GHz image at 6 position angles.
Black dots on vertical axes indicate the position of the zero for each slice. The offset is radial
from the VLBI position of SN 1987A as determined by Reynolds et al. (1995), and is positive
toward east and/or north.

Figure 3.10: Comparison between the new 18 GHz image and that derived from ATCA
observations at 18 GHz performed in 2003 (Manchester et al. 2005). Both images are super-
resolved with a 0.��25 circular beam. The contours at levels 25%− 85% of the peak flux density,
in step of 10%, are in blue for the 2003 image and in orange for the new image. To highlight the
morphological differences of the brightest sites in the two images and the significant expansion
of the remnant since 2003, the contours of the new image at 45%, 65% and 85% of the peak
flux density, are filled in yellow, light and dark orange. The cross-hair symbol marks the VLBI
position of SN 1987A (Reynolds et al. 1995).
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Figure 3.11: Remnant expansion from images at 18 GHz on day 6003 (Manchester et al. 2005)
and day 8738, at 36 GHz on day 7815 (Potter et al. 2009) and 44 GHz on day 8886 (this paper).
The expansion is estimated from the distance between the VLBI position of the SN (Reynolds
et al. 1995) and the position of the peak of brightness for the eastern and western lobes, as
derived from the PA 90◦ emission profiles centred on the SN coordinates. The blue symbols
are associated with the brightness peaks on the eastern lobes, while the red ones represent
the distance between the SN position and the brightness maximum in the western lobe. Mean
values derived for each pair of measurements are represented by the black symbols. The blue
line is the linear fit of the measurements at 18 GHz from 2003 to 2011, while the purple line
only fits the 36 and 44 GHz within 2008 and 2011. For data between 2008 and 2011, the derived
expansion velocity is 3900± 300 km s−1. As a comparison with the expansion rate derived by
Ng et al. (2008), the dashed black line is the slope of the linear fit of radius measurements
extracted from the 1992–2008 super-resolved images at 9 GHz fitted with a torus model, the
error associated with the fit is represented by the grey-filled area.

is obtained if the 2011 dataset at 18 GHz is included in the fit of data between
2008 and 2011, since the 18 GHz measurements align with those at 36 and 44
GHz. All fits are consistent with the 9 GHz results.

With reference to the SN position, it should be noted that both the datasets
at 18 GHz (2003–2011), and the datasets at 36 GHz (2008) and 44 GHz (2011),
show an asymmetric expansion of the remnant, with a larger increase of the dis-
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tances between the SN position and that of the brightness peak on the eastern
lobe, compared to the western side. The asymmetry in the expansion has been
noted since the images at 9 GHz in early epochs (Gaensler et al. 2007), where
an asymmetry in the initial expansion of the SN ejecta has been proposed as the
explanation for the fact that the eastern lobe is located further than the western
one from the SN site. In the case of the 18 GHz datasets, an expansion velocity
of 5900 km s−1 is derived for the eastern lobe, while 2300 km s−1 is the expansion
velocity of the western brightness peak. Similarly, in the datasets at 36 and 44
GHz, the eastern expansion velocity is 6300 km s−1 while the western is 1600 km
s−1. Averaging the values, the expansion velocity of the remnant western lobe
is 1900±400 km s−1, while that of the eastern lobe is 6100±200 km s−1. While
these values are affected by some uncertainty in identifying the location of the
remnant with respect to the VLBI coordinates of the SN site, the results from
the 18, 36 and 44 GHz data imply that the expansion velocity of the eastern
lobe is significantly larger than that of the western lobe. Therefore, a marked
asymmetry of the remnant emerges not only in terms of brightness distribution
of the radio emission but also in terms of remnant expansion.

3.5 Spectral index measurements

Spectral index maps allow the examination of the spatial variations of the spectral
index, α (where S ∝ να), across the remnant and, therefore, of the electron ac-
celeration processes associated with the propagation of the blast wave. The 2011
observations at 18 and 44 GHz have been used to derive a map of the distribution
of the spectral index in the SNR. To match the u − v coverage of the 18 GHz
observations, the visibilities from baselines greater than 400 kλ were filtered out
in the 44 GHz datasets. At both frequencies, the images have been derived using
an identical reduction procedure. In particular, identical weighting parameters,
deconvolution algorithm and phase self-calibration iterations were applied to both
datasets. It should be noted that the self-calibration technique, while improving
the image resolution, removes all absolute positional information. Therefore, the
astrometry of each image was compared with that prior to self-calibration and
the images were shifted to align with recent VLBI observations of the remnant
(Zanardo et al., in preparation). This process allowed us to accurately place the
position of the remnant with respect to the VLBI position of the SN mentioned
in § 3.3. The aligned images were then restored with a 0.��4 circular beam and
regridded at a pixel scale of 3 mas.
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3.5.1 Methods for measuring the spectral index

To verify that any claimed spectral index variations have not been artificially
generated by the data reduction and/or are tied to a particular spectral mapping
technique, the spectral index distribution within the remnant is reconstructed via
three different methods: (i) spectral tomography (αt); (ii) flux ratio (αS); (iii)
temperature-temperature (or T-T) plots (αTT ).

With the method of spectral tomography (Katz-Stone & Rudnick 1997), a
difference image, It, is calculated by scaling the 44 GHz image by a trial spectral
index, αt, and subtracting it from the 18 GHz image, as follows:

It(αt) ≡ I18 − (
ν18
ν44

)
αt

I44 (3.5.1)

where I18 and I44 are the images at frequency ν18 and ν44, respectively. When αt

reaches the actual spectral index of a particular feature, the feature vanishes in
the local background of the difference image. On the other hand, if a component
has spectral index greater or smaller than αt, the difference image appears with
a distinctively positive or negative residual compared to the local background, as
this component will get over or under-subtracted.

The second method used to construct a spectral index map is that of direct
image division, being

αS = log(S18/S44)/ log(18/44). (3.5.2)

As this method is sensitive to variations in background/foreground emission that
might cause spatial changes in the observed spectral index, it is not usually the
preferred method to investigate the spectral index distribution over large SNRs
(Anderson & Rudnick 1993).

To validate the results from the flux density ratio S18/S44, the spectral varia-
tions over small regions within the remnant are also assessed from the flux slope
m, where

S18 = mS44 + q. (3.5.3)

This approach was first applied by Costain (1960) and Turtle et al. (1962) to data
of very low angular resolution, where instead of fluxes, the brightness tempera-
tures,

Tb ∝ ν−(α+2), (3.5.4)

are plotted at two frequencies, and the spectral index is derived from the best
fitting line of the plotted points (thus referred to as temperature-temperature or
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T-T plot).

The slope of the best-fitting line to the Tb points derived for each pixel of the
images at 18 and 44 GHz (T18 and T44), within a specific region, yields the spectral
index αTT of that region. While small differences in the background levels cause
spreading of the plotted T-T points, because of the intrinsic spatial averaging of
the linear regression method, the regional αTT values are less affected than αS by
zero-level data (Leahy & Roger 1991; Zhang et al. 1997).

3.5.2 Interpretation of spectral index variations

Understanding the spatial variation of the spectral index and emission across
young SNRs is important to investigate the structure of the expanding shock.
The spectral index can be used to probe the compression ratio of the shock on a
local scale. In turn, the emission probes cosmic ray and magnetic field density.
Combined, these provide the basis for investigating the nature of shock accelera-
tion processes.

In the tomography gallery in Figure 3.12, spectral index variations are inves-
tigated in the range between −1.4 ≤ αt ≤ −0.3, with increment δαt = 0.1. It can
be seen that the spectral index distribution across the remnant is not uniform.
In detail, the inner areas of the remnant located along PA ∼30◦ (210◦), appear
to match the grey background for −0.6 ≤ αt ≤ −0.3, with αt ∼ −0.4 in the inner
part of northern region, and αt ∼ −0.5 in the inner part of the feature located
slightly SW of the SN position. The spectral index gradually steepens towards
the edges, with the northern and southern regions becoming over-subtracted at
αt ∼ −0.7 and αt ∼ −1.0, respectively. For the bright regions on the eastern
lobe of the remnant, sites within the contours at 90% of the peak flux density
(see Figure 3.12) primarily match the grey background for αt ∼ −0.8. Within
the 60% contours, αt changes from −0.7 (southern part), to −0.8 (central region)
and −0.9 (northern region). The entire bright area on the eastern lobe is over-
subtracted for αt ∼ −1.1. On the western lobe, sites within the 60% contours
have a wider range than on the eastern lobe, as αt varies from −1.1 to −0.7 with
a north-south gradient. Southern regions in the tomography maps disappear into
the background for −0.8 ≤ αt ≤ −0.7, with larger errors on sites close to the
edges of the 10% flux density contour of the 44 GHz image. Larger spectral index
variations can be seen in the N-NW sites, with −0.9 ≤ αt ≤ −0.6. The sites
that can be associated with spectral index −1.4 ≤ αt ≤ −1.2 correspond to flux
density at 44 GHz close to zero and, therefore, are more affected by error in the
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image subtraction.

The spectral index map, as derived from the direct division of the images
at 44 and 18 GHz, is shown in Figure 3.13. It can be seen that the spectral
indices primarily vary in the range −0.9 ≤ αS ≤ −0.7. In particular, on the
eastern lobe, within the 90% contours of the peak flux density at both 18 and
44 GHz, −0.9 ≤ αS ≤ −0.7, while slightly steeper values, −1.0 ≤ αS ≤ −0.8,
correspond with the western brightest sites. On both lobes, near the northern
edge of the 60% contours, the spectral indices peak at ∼ −0.9 on the eastern sites
and ∼ −1.1 on the western ones. Flatter spectral indices (−0.6 ≤ αS ≤ −0.3)
can be located within the central and northern regions of the remnant at ∼PA 30◦.

It is noted that the regions at the edges of the αS map, i.e. αS � −1.2 (in
dark-blue and black) and αS � −0.3 (in light-blue and white) are likely affected
by higher uncertainty, since these values are associated with lower S/N ratios in
either the 44 or 18 GHz images. The effects of low S/N on the αS distribution
can be assessed from the histogram of the spectral indices over the entire map.
In Figure 3.14, the black curve is the Gaussian fit over the entire αS range, which
yields median value αSµ = −0.78 and standard deviation σ = 0.39. Spectral
indices αS ≤ αSµ − σ correspond to regions in the 44 GHz image of low flux den-
sity (S/N<100), while αS ≥ αSµ + σ are associated with regions of the 18 GHz
image where S/N<100. In Figure 3.14, the blue curve is a better-fitting Gaussian
function for (αSµ − σ) ≤ αS ≤ (αSµ + σ).

The T-T plots are used to measure the dominant spectral index within 0.��5×
0.��5 squared regions, as designated in Figure 3.15. The resultant αTT values are
listed in Table 3.4, while in Figure 3.16 the T-T plots for each region are shown
together with the histograms of the corresponding αS distribution. In seven of the
selected areas −0.91 ≤ αTT ≤ −0.72, whereas flatter spectral indices are derived
for the central region C1 (αTT ∼ −0.52), which includes the VLBI position of the
SN, and the adjacent northern region N2 (αTT ∼ −0.65). The larger differences
in the temperature levels within C1 and N2 (see Figure 3.16), can be seen in the
spread of the T-T points, which results in the larger error bars attached to the
linear fit. As shown in in Figure 3.17, the spectral index derived for the entire
remnant is αTTm = −0.80±0.05, where the flux calibration uncertainty is factored
in the error (see § 3.2).

As mentioned in § 3.5.1, among the three methods used to assess the spec-
tral index, the T-T plot is the more robust, since the spectral index variations
resulting from the image division and subtraction depend, to different extent, on
the local intensity of the flux density at the two frequencies. However, since the
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Figure 3.12: (Caption on the following page.)
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Figure 3.12: Tomographic spectral images of the remnant of SN 1987A, where the spectral
index is defined as S ∝ να. The spectral images are derived from the 18 GHz image from
observations performed on 2011 January 26, and the 44 GHz image from observations between
in 2011 January and November. Both images are centred on the VLBI position determined by
Reynolds et al. (1995), and restored with a circular 0.��4 beam (top panel, lower left corner). The
grey scale shows difference images for −1.4 ≤ αt ≤ −0.3, in steps of 0.1. Blue/white contours
correspond to the 44 GHz data convolved with a 0.��4 circular beam at levels 60%–90% of the
peak flux density, while the related contours corresponding to the 18 GHz image are in red. In
the top left panel, axes at six position angles, centred on the SN position, are also indicated.
All images are set on the same intensity range.

Table 3.4: Regional Spectral indices

Regiona αTT
b αSµ

c ∆αd ∆α/αSµ

(%)
N1 −0.88± 0.13 −0.67± 0.05 0.21 31
N2 −0.65± 0.25 −0.71± 0.05 0.06 8
E1 −0.91± 0.07 −0.79± 0.06 0.12 16
E2 −0.80± 0.06 −0.66± 0.05 0.14 22
S1 −0.85± 0.09 −0.73± 0.05 0.12 16
S2 −0.72± 0.09 −0.85± 0.06 0.13 15
W1 −0.76± 0.16 −1.09± 0.08 0.33 31
W2 −0.80± 0.11 −0.75± 0.05 0.05 6
C1 −0.52± 0.18 −0.80± 0.06 0.28 35

aThe regions selected for the T-T plots are designated in Figure 3.15.
bThe errors on αTT are the combination of the 1− σ error on the slope of the
linear fit and the uncertainty in the flux calibration.
cThe median spectral index, αSµ , is derived by fitting a Gaussian to the
histogram of the αS values in the region (see Figure 3.16). The errors are
derived from the flux calibration uncertainty.
d∆α = |αTT − αSµ |. Note that the errors on αTT and αSµ are correlated.

T-T method requires boxes larger than the angular resolution of the images, the
characteristic spectral index of smaller regions, such as the features of flatter αt,S

at PA ∼ 30◦, is likely influenced by surrounding steeper emission. Otherwise,
when larger structures are analysed, such as the sites of brighter emission on the
eastern and western lobes, the spectral indices derived from the T-T plots are
likely more accurate than a local average of αt and αS. As listed in Table 3.4,
over the brightest sites of the remnant the discrepancy between αTT and regional
αSµ , which is the median value of the αS distribution within the T-T region, is
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Figure 3.13: (Caption on the following page.)
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Figure 3.13: Top: Map of the 18 − 44 GHz spectral index distribution. Both the 18 and 44
GHz Stokes I images have been restored with a 0.��4 circular beam, and regridded at a pixel
scale of 3 mas. Image regions below the 44 GHz rms noise level were masked. Contours of the
60% and 90% flux density levels for the 18 GHz (yellow) and 44 GHz (blue) images, identify
the emission peaks on each lobe. Bottom: To locate the inner regions of the spectral index
map with respect to the emission measured at 44 GHz, the outline of the diffraction-limited
image is shown via its contour at 10% of the peak flux density (yellow). To locate the density
distribution of the CSM, the spectral index map is also overlaid with the contours of the HST
image derived from observations performed in 201122, specifically at the 2%, 7%, 12% and 20%
emission levels (black). As indicated by Larsson et al. (2011), the innermost HST contour of
the ejecta (gray fill), east of the SN position (black star), corresponds to the location of an
emission drop, or ‘hole’, in the optical image.

Figure 3.14: Histogram of the spectral index values, αS , derived from direct division of the
images at 44 and 18 GHz (see Figures 3.13). The vertical axis is the normalised number of
occurrences. The black line is the Gaussian fit of the whole histogram, with median value
αSµ = −0.78 and standard deviation σ = 0.39. The blue line is the Gaussian fit for αSµ − σ ≤
αS ≤ αSµ + σ. Spectral indices αS ≤ αSµ − σ correspond to regions in the 44 GHz image of
low flux density (S/N<100), while spectral indices αS ≥ αSµ + σ are associated with regions of
the 18 GHz image where S/N<100.
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Figure 3.15: Two frequency (18–44 GHz) spectral index intensity map with indication of nine
0.��5× 0.��5 regions (black squares) used for the temperature-temperature (T-T) plots presented
in Figure 3.16. For each region, the spectral index values, αTT , derived from the T-T plots, are
noted in yellow, while the median values derived from the spectral map, αSµ , are in white font
(see Figure 3.16). The contours of the 60% and 90% levels of the peak flux density of the 44
and 18 GHz images, resolved with a 0.��4 circular beam, are shown in blue and red, respectively.
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around 19% over the eastern lobe and peaks to ∼31% in W1.

The average spectral index of the western bright regions (W1–W2) at ∼ −0.78
matches αTTm . As discussed earlier, the steeper αS values in W1 are likely af-
fected by the higher noise levels in the adjacent northern region. Over the eastern
lobe, the T-T plots for regions E1 and E2 give an average spectral index of −0.86,
which is steeper than αTTm . The steepest value αTT ∼ −0.91 is associated with
region E1, which covers the brightest sites of the remnant.

From the theory of diffusive shock acceleration (DSA) of energetic particles in
a uniform magnetic field (see Drury 1983, and references therein), the standard
compression ratio, r, can be derived from the radio synchrotron spectral index.
The αTT values given in Table 3.4 yield similar compression ratios in regions
W1, W2 and E2, specifically with rW1 = 2.97 ± 0.43, rW2 = 2.87 ± 0.26 and
rE2 = 2.87 ± 0.14, while a lower compression ratio, rE1 = 2.65 ± 0.13, results
in region E1. These results suggest a particle spectrum harder over the western
regions than on the brightest eastern sites. For a particle density expressed as

n(p) ∝ p−γ , (3.5.5)

where p is the scalar momentum, in the scenario of ordinary diffusion, n(W1−W2) ∝
p−2.56±0.26 is the spectrum of the western side of the SNR, while n(E1) ∝ p−2.82±0.14

is obtained for region E1.

The lower compression ratio in region E1 could correspond with the asym-
metric expansion observed in the remnant, which appears to be driven by higher
eastern velocities (see § 3.4). As from Jones & Ellison (1991)

r = ρ2/ρ1, (3.5.6)

where ρ2 and ρ1 are the downstream and upstream gas densities, respectively,
a lower compression ratio over the eastern brightest sites could be due to the
higher-velocity shock drifting the cosmic rays (CR) upstream. The CR diffusion
could induce gas heating upstream of the shock (Ptuskin, Zirakashvili & Seo
2010) and, thus, a higher upstream pressure. If the SNR magnetic field is tangled
rather than uniform (Duffy et al., 1995b), the softer spectrum could be the result
of local sub-diffusive particle transport, as the accelerated particles get partially
trapped in the vicinity of the shock front by structures in the magnetic field (Kirk
et al. 1996). In this case, the particle spectrum corresponding to region E1 would
be steeper than for diffusive transport, with n(E1) ∝ p−3.35±0.19, where (Kirk et
al. 1996)

γ = γDSA(1 + 0.5/r). (3.5.7)
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The softer spectrum in E1 likely implies that a lower fraction of injected par-
ticles, i.e. a higher injection efficiency, is required for the high emission observed
in the eastern region. If the stronger eastbound shock is coupled with a more ef-
ficient particle acceleration, the magnetic-field on the eastern lobe might become
locally amplified (Bell 2004; Bell & Lucek 2001). In fact, according to Bell &
Lucek (2001), with efficient CR acceleration,

(∆B/B)2 ≈ M, (3.5.8)

where B and ∆B are the background and fluctuating magnetic fields, respec-
tively, and M is the Mach number of the shock. Thus, a higher M would likely
induce non-linear amplifications of the magnetic field generated in the SNR. As
the magnetic-field amplification depends on the magnetic field orientation, it can
be noted that in asymmetric bipolar (or bilateral) remnants, such as SNR 1987A,
regions of higher emission have been linked to either quasi-parallel or quasi-
perpendicular magnetic field inclinations (Fulbright & Reynolds 1990; Gaensler
1998; Orlando et al. 2007).

As regards the αTT results in the northern and southern parts of the SNR,
adjacent small-scale features of both steeper and flatter spectra lead to spectral
indices flatter than αTTm in the S2 and N2 regions, while the values derived for
regions N1 and S1 seem still dominated by the steeper indices associated with the
bright sites on the eastern lobe. We note that, overall, the spectral indices over
the high-emissivity regions are steeper than predicted by first-order Fermi accel-
eration at a strong shock. This agrees with studies on the spectral distribution of
young and rapidly-evolving remnants (e.g. see discussion on Cas A in Anderson et
al. 1991), where, since concurrent high-emissivity and steep spectral indices can-
not be obtained from first-order acceleration models, other mechanisms, such as
CR-mediated shocks and turbulent acceleration, are invoked (Anderson & Rud-
nick 1993).

In both αt and αS distributions, gradual transitions from steeper to flatter
spectral indices (i. e. −0.8 � αt,S � −0.5) can be seen on the edges of the rem-
nant and around, or in proximity of, the brightest sites. Spectral index gradients
in older and larger SNRs have been explained as due to multiple overlapping
spectral index structures (DeLaney et al. 2002; Tam et al. 2002). According to
hydrodynamic simulations coupled to DSA by Ellison et al. (2007) of a spherical
SNR, a spectral gradient might reflect a spectral index structure over multiple
concentric shells of shocked material within the forward and the reverse shocks,
with a CR population varying between the concentric shells, such that the spec-
tral index appears flatter on the outer shell than on the inner ones. The scenario



92
CHAPTER 3. HIGH-RESOLUTION OBSERVATIONS AT

HIGH-FREQUENCIES

! ! !

! ! !
! ! !

! ! !

! ! !

! ! !

! ! !
!

"#!

$%!

&%!

&#!

$#!

'#!

'#!

$#!

&#!

$%!

!

"%!

"%!

'%!

'%!

(%!

&%! "#!(%!
!

Figure 3.16: (Caption on the following page.)
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Figure 3.16: Two frequency (18–44 GHz) temperature-temperature (T-T) plots for nine rem-
nant regions, designated as in Figure 3.15. For each region, the histogram of the distribution
of the spectral index values, αS , is also shown, as obtained from the spectral index intensity
map. In each histogram figure, the solid black circle indicates the related median spectral index
and the dashed black line corresponds to the standard deviation, as derived from the Gaussian
fit of the histogram. The solid blue circle indicates the spectral index derived from the linear-
regression fit of each T-T plot, αTT , and the blue bar indicates the 1− σ error. The values of
αTT and αSµ associated with each region are listed in Table 3.4.

of sub-diffusive transport of particles at the shock front also leads to small-scale
spectral gradients in the downstream plasma, which would correspond to the
transition between sub-diffusive and diffusive behaviour of the particle propaga-
tion (Kirk et al. 1996).

All methods used for spectral analysis show two inner regions of flatter spec-
tral indices, where −0.6 � αTT � −0.5 and −0.5 � αt,S � −0.3. The more
central feature, which overlaps with the SN site (see Figure 3.13), has αt ≈ −0.5,
−0.6 � αS ≤ −0.5 and αTT ∼ −0.52± 0.18. The second feature, located further
north, can be associated with αt ≈ −0.4 and −0.4 � αS � −0.3, while the cor-
responding αTT , between regions N1 and N2, is affected by the nearby steeper
spectra.

We note that a central feature of flatter spectrum has been seen in other two-
frequency spectral index images of the SNR (Lakićević, Zanardo et al. 2012a;
Potter et al. 2009). In Figure 3.13 the spectral index image is also overlaid with
the contours of the HST observations in 201122 (in black), and with the 10%
level of the peak flux density of the high-resolution image at 44 GHz (in yellow).
It can be seen that the central feature of flatter electron spectrum, not only coin-
cides with the inner region of fainter emission that is visible in the radio at higher
resolution, but also partially overlaps with the western side of the optical ejecta.
On the contrary, the northern feature, which appears to connect with the central
feature along PA ∼30◦, approximately in alignment with the main direction of
the optical ejecta, does not seem to have been noted before. This feature exhibits
αt,S values flatter than the central region, and, since it appears to be smaller
than the 0.��5×0.��5 boxes used for the T-T plots, cannot be associated with a local
αTT value. Nevertheless, since it corresponds to a site characterised by high flux
density both at 18 and 44 GHz, the related αt and αS values are unlikely affected
22 STScI-2011-21, NASA, ESA, & Challis P. (Harvard–Smithsonian Center for Astrophysics
http://hubblesite.org/newscenter/archive/releases/2011/21/image/

http://hubblesite.org/newscenter/archive/releases/2011/21/image/
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Figure 3.17: Temperature-temperature (T-T) plot of the whole SNR at 44 GHz and 18 GHz
(black squares). The best fitting straight line corresponds to α = −0.80±0.01(±0.05) (S = να),
where the two errors represent random and absolute flux density scale errors, respectively.

by significant error.

While pulsar wind nebulae (PWNe) in the radio band are identified by −0.3 �
α � 0 (Gaensler & Slane 2006), the acceleration origin in the above discussed
features of −0.5 � α � −0.3, could be explained in terms of injection by a pul-
sar. Further observations at high frequencies and monitoring of any morphology
changes is required to clarify the nature of these features.
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3.6 Emission at other wavelengths
As shown in early models of Type II SNRs (Chevalier 1982), the SN-CSM interac-
tion in SNR 1987A has generated a main double-shock structure, which includes,
from the outside inwards, the forward shock and the reverse shock. Between the
forward and reverse shocks, reflected shocks should be present due to the forward
blast wave encountering the high-density CSM in the ER (Borkowski et al. 1997).
While the structure of the shock can be probed by comparing the remnant mor-
phology in the radio and X-ray wavelengths, the distribution of the progenitor
dense material can be investigated via Hα images.

The radio emission mainly originates at the forward shock as this collides
with the dense CSM associated with the ER, thus creating a discontinuity in the
magnetic field where particles are accelerated (Zanardo et al. 2010). The for-
ward shock can be identified with the sharp outer edge of the SNR shell, which
propagates into the CSM of spatially varying density. A similar scenario hap-
pens at the reverse shock, or inner edge of the SNR envelope, which is normally
dominated by the X-ray emission. Between the reverse shock and the ER, the
reflected shocks lead to the higher temperatures of the shocked gas and a flatter
density profile. Up to day ∼4000, the X-ray emission has likely been generated
by the interactions with the low-density Hii region located on the inside of the
ER (Chevalier & Dwarkadas 1995), whereas, in the last ∼5000 days, it has pri-
marily originated from the interaction with the dense inner ring (Park et al. 2011).

In Figure 3.18, the 44 GHz image is compared to recent X-ray observations
(Helder et al., 2013). As noted by Ng et al. (2009), the X-ray emission exhibits an
east-west asymmetry less marked than what is seen in the radio, while the north-
south asymmetry is significant. In particular, the brightest X-ray site, which
appears in the NE quadrant between PA 30◦ and 60◦, overlaps with the brighter
regions on the eastern lobe of the 44 GHz image, but peaks slightly northwards
of the eastern radio peak. In the western lobe, the X-ray emission peaks at PA
∼270◦ and between PA 300◦ and 330◦. While the radio image is also reaching the
western peak of brightness at PA ∼270◦, the region between PA 300◦ and 330◦
corresponds to one of the fainter sites (see § 3.3.1). The offset between the X-ray
and radio peaks is demonstrated in the polar projection of the two images shown
in Figure 3.18.

The 44 GHz map and the HST image from recent observations are superim-
posed in Figure 3.19. It can be seen that the morphology of the radio emission
matches the ring optical features. As shown in Figure 3.13, on both the east and
west sides of the optical ring, the easternmost and westernmost hot spots appear
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to overlap with the bright regions on the eastern and western lobes of the radio
images. The fainter regions of the ring visible at 44 GHz, i. e. located in the NW
and SW quadrants, seem to coincide with sites where clusters of Hα hot spots
appear somewhat disjointed. This is especially pronounced on the NW quadrant,
between PA 300◦ and 330◦, where the forward shock might have overtaken the
ER and reached less dense CSM regions, while the inner surface of the ring is still
hot enough to emit X-rays.

As regards the remnant asymmetry, contrary to the radio images, the optical
emission now appears markedly brighter on the western lobe. The difference in
the asymmetry direction between the nonthermal radiation and the Hα emission
is more clear in the RGB overlay shown in Figure 3.20. It can be noted that
the eastern lobe of the ring is dominated by the radio (red) and X-ray (blue)
emissions, which turn into shades of violet in the overlay, especially in the NE
quadrant where the radio and X-ray brighter sites overlap. On the western lobe,
the fainter radio emission is now overshadowed by the Hα emission (green). This
appears to validate the hypothesis that the remnant asymmetry is likely due to
an asymmetric explosion of the progenitor rather than to an asymmetric distri-
bution of the CSM. We may therefore expect the radio and X-ray emission to
follow suit, with the east-west asymmetry gradually reversing. The possibility
of an asymmetric initial explosion was suggested by Chevalier & Soker (1989) to
explain the asymmetric expansion of the remnant, whereas hydrodynamic cal-
culations of the remnant evolution from the asymmetric explosion of a ∼20 M⊙
merger of binary systems, have been proposed to explain the BSG progenitor and
to link the BSG-RSG wind interaction to the triple-ring nebula structure (Morris
& Podsiadlowski 2007, 2009; Podsiadlowski et al. 2007).

In Figure 3.19, the radio emission from the inner region of the remnant as
seen at 44 GHz can be compared to the optical emission from the ejecta. It is
noted that the ejecta is blue and red-shifted along the line-of-sight (Kjær et al.
2010) and, like the emission from the ER, the optical ejecta is characterised by
an east-west asymmetric morphology, whose origin is yet unclear (Larsson et al.
2011). The western side of the ejecta appears to overlap with the eastern part of
the central feature visible at 44 GHz and, as mentioned in § 3.5.2, extends over a
region of the SNR that can be associated with flatter spectral indices. Moreover,
the ‘hole’ in the ejecta, which is close to the SN location (see Figure 3.13) and
has become more pronounced in recent years (Larsson et al. 2011), also overlaps
with the central emission detected at 44 GHz.
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Figure 3.19: Overlay of the 44 GHz image produced from ATCA observations performed in
2011 January and November (brown–yellow colour scale for shades and contours) on the HST
image derived from 2011 observations22 (blue–white colour scale).
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Figure 3.20: RGB overlay of the optical image from 2011 HST observations22 (green), the
X-ray image from Chandra observations performed in 2011 (Helder et al., 2013) (blue) and the
44 GHz image from ATCA observations in 2011 January and November (red).
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3.7 Free-free absorbed compact source
Matsuura et al. (2011) have estimated that the largest dust component, with mass
0.4− 0.7M⊙, sits in the central region of the SNR. However Lakićević, Zanardo
et al. (2012a) have concluded that, for observations up to 94 GHz, the dust does
not contribute to the radio emission. The central feature detected at 44 GHz
might therefore originate from a compact source or PWN located in the vicinity
of the SN ejecta.

To determine whether non-thermal radio emission from a pulsar or a PWN
located in the inner regions of the SNR would be detectable, we estimate the
fraction of this emission that would be absorbed by the ionised gas likely located
within the ER. Assuming the ionised mass in the ejecta, Mej, to be distributed
within a sphere of radius R, the free-free optical depth, τff , is proportional to
the path length through the free-free absorbing spherical region along the line-of-
sight (los). In convenient astronomical units, τff can be estimated as (Rybicki &
Lightman 1979)

τff ≈ τ0 T
−3/2ν−2 gff EM (3.7.9)

where T is the temperature of the plasma in K, ν is the frequency of the flux
density in GHz, gff = gff (ν, T ) is the velocity-averaged Gaunt factor appropriate
to the observing frequency, and the emission measure is defined as

EM ≡
�

los
neni dl (3.7.10)

where ne and ni are the electron and ion densities, respectively, expressed in cm−3,
and l is the path length, expressed in pc, along the line-of-sight. As Hii regions
typically have electron temperatures of order 104 K, indicated by T4, and, in
the radio regime, gff (ν, T ) ≈ 5.99T4

0.15ν−0.1 (Brown 1987), the free-free opacity
becomes

τff ≈ 3.28× 10−7 T−1.35
4 ν−2.1n2

eR, (3.7.11)

assuming ne = ni, which is approximated as

ne(Mej, R) ≈ 3Mej(mp 4πR3)−1, (3.7.12)

and
�
los dl ≈ R.

Figure 3.21 shows the variation of τff as a function of the ionised mass for
Mej � 10M⊙ and volume size R ≤ 0.1 pc. The contour levels are plotted for
0 ≤ τff ≤ 2. According to this simplified model, an ionised mass in excess
of 5M⊙ within a radius of 0.��2 (approximately corresponding to the size of the
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densest part of the ejecta visible with HST ), is required to produce a free-free
optical depth of unity at 44 GHz. We note that the flux density from the emitting
plasma, within a ∼ 0.��2 solid angle, given by

SMej = (2kBT/λ
2)Ω, (3.7.13)

is negligible. In this scenario, the radiation observed through the region of ionised
plasma would be Sobs ≈ 0.63S44c, where S44c is the actual flux density at 44 GHz
associated with the compact source in the background. Therefore, since the flux
density measured in the inner region of the 44 GHz image is Sobs ∼ 1.4 mJy (see
§ 3.3.1), the actual radio emission originating from a compact source inside the
ER could be as high as ∼ 2.2 mJy. Using the spectral index derived in Figure
3.8, this emission would lead to S94c ∼ 1.3 mJy at 94 GHz, which is consistent
with the upper limit of 1 mJy set by Lakićević, Zanardo et al. (2012a) at that
frequency, for any discrete radio source in the central region of the remnant.

In the case of a more realistic, steeper density profile, such as that proposed
by Chevalier & Soker (1989) with ne ∝ R−9.6, the emission from a PWN would be
more heavily absorbed and could be detected only if there are holes in the ejecta.
As it has been noted from HST images in the R-band and B-band, the ejecta is
likely to have holes (Larsson et al. 2011) (see Figures 3.19 and 3.20), thus the
radiation emitted by a PWN or compact source might escape the dense ionised
material and become visible at lower frequencies. On the other hand, with a more
compact density distribution, part of Mej may have fallen back onto the neutron
star that formed in the explosion, and, subsequently, the neutron star and any
accreted ejecta might have already collapsed into a black hole.

3.8 Conclusions
We have presented the first image of SNR 1987A at 44 GHz, as derived from
ATCA observations performed in 2011. To investigate the spectral index dis-
tribution across the remnant, this new image has been analysed in conjunction
with that derived from contemporaneous observations at 18 GHz. The emis-
sion morphology has been also compared to contemporaneous optical and X-ray
observations. A summary of our findings is as follows:

1. Consistent with previous radio observations, the 44 GHz image shows a
marked asymmetry in the emission distribution. More specifically, the east-
west asymmetry ratio is ∼ 1.5 from the ratio of the brightness peaks in the
radial profiles at PA ∼90◦, is ∼ 1.6 from the integrated flux densities over
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Figure 3.21: Variation of the optical depth, τff , of an idealised Hii region in SNR 1987A,
approximately located at the ejecta site. The ionised mass in the region is assumed to vary
in the range 0 < Mej � 10M⊙, and to be uniformly distributed within a spherical volume of
size 0 < R � 0.��4, which corresponds to a path length up to 0.1 pc along the line-of-sight. The
yellow colour indicates low free-free opacity; the brown colour indicates high opacity.
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the eastern and western halves of the image. These values are higher than
the ∼1.4 ratio derived for the new 18 GHz image and the ratio previously
measured with images at lower frequencies.

2. The comparison between the new images at both 18 and 44 GHz with cor-
responding observations performed in earlier epochs, specifically the 2003
observations at 17 and 19 GHz and the 2008 observations at 36 GHz, high-
lights an asymmetric expansion of the remnant, with expansion velocities
on the eastern lobe significantly higher than what measured on the western
lobe.

3. The 18–44 GHz spectral index distribution is measured at an angular reso-
lution of 0.��4. The spectral indices in SNR 1987A primarily range between
−1.1 and −0.3, with a mean of −0.8. Spectral indices associated with the
brightest sites over the eastern lobe are steeper than the mean value. The
steeper spectrum on the eastern lobe implies compression ratios slightly
lower than on the western bright sites, and could be correlated with the
higher expansion rate measured on the eastern side of the remnant. Two
regions of flatter spectral indices are identified, one approximately located
in the centre of the SNR and the other located further north. These two
features lie at PA ∼ 30◦.

4. There is a strong correspondence between major features of the emission at
44 GHz, and the arrangement of the hot spots shown in the Hα emission.
The direction of the east-west asymmetry of the X-ray and radio emission,
is opposite to that of the Hα emission. This fact supports the hypothesis
that the remnant asymmetric morphology might be due to an asymmetric
explosion, rather than to an asymmetric distribution of the CSM.

5. At 44 GHz, a central feature of fainter emission appears to extend over
the SN site, and to overlap with the western side of the ejecta as seen by
HST. This feature corresponds to a region of flatter spectral indices in the
18–44 GHz spectral map, which could indicate the presence of a compact
source or a PWN. The origin of this emission is unclear. However, simple
free-free absorption models suggest that the radiation emitted by a compact
source inside the equatorial ring may now be detectable at high frequencies,
or at lower frequencies if there are holes in the ionised component of the
ejecta. Future high-resolution observations, both at lower frequencies with
VLBI and at higher frequencies with ATCA and the Atacama Large sub-
Millimeter Array, will be crucial to further investigate the nature of this
emission.
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Abstract

We present a comprehensive spectral and morphological analysis of the rem-
nant of Supernova (SN) 1987A with the Australia Telescope Compact Array
(ATCA) and the Atacama Large Millimeter/submillimeter Array (ALMA). The
non-thermal and thermal components of the radio emission are investigated in
images from 94 to 672 GHz (λ 3.2 mm to 450 µm), with the assistance of a high-
resolution 44 GHz synchrotron template from the ATCA, and a dust template
from ALMA observations at 672 GHz. An analysis of the emission distribution
over the equatorial ring in images from 44 to 345 GHz highlights a gradual de-
crease of the east-to-west asymmetry ratio with frequency. We attribute this
to the shorter synchrotron lifetime at high frequencies. Across the transition
from radio to far infrared, both the synchrotron/dust-subtracted images and the
spectral energy distribution (SED) suggest additional emission beside the main
synchrotron component (Sν ∝ ν−0.73) and the thermal component originating
from dust grains at T ∼ 22 K. This excess could be due to free-free flux or emis-
sion from grains of colder dust. However, a second flat-spectrum synchrotron
component appears to better fit the SED, implying that the emission could be
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attributed to a pulsar wind nebula (PWN). The residual emission is mainly lo-
calised west of the SN site, as the spectral analysis yields −0.4 � α � −0.1 across
the western regions, with α ∼ 0 around the central region. If there is a PWN in
the remnant interior, these data suggest that the pulsar may be offset westward
from the SN position.

4.1 Introduction
The evolution of the remnant of Supernova (SN) 1987A in the Large Magel-
lanic Cloud has been closely monitored since the collapse of its progenitor star,
Sanduleak (Sk) −69◦202, on 1987 February 23. Models of Sk −69◦202 indi-
cated that it had an initial mass of ∼20 M⊙ (Hillebrandt et al., 1987). The
mass range of the progenitor is consistent with the formation of a neutron star
(Thielemann & Arnett, 1985), and thus with the neutrino events reported by the
KamiokaNDE (Hirata et al., 1987) and IMB (Bionta et al., 1987; Haines et al.,
1988) detectors. Models by Crotts & Heathcote (2000) suggest a transition from
red supergiant (RSG) into blue supergiant (BSG) to explain the hourglass nebula
structure, which envelopes the SN with three nearly-stationary rings (Blondin &
Lundqvist, 1993; Chevalier & Dwarkadas, 1995; Martin & Arnett, 1995; Morris
& Podsiadlowski, 2007). The two outer rings, imaged with the Hubble Space
Telescope (HST ; Jakobsen et al., 1991; Plait et al, 1995), are located on either
side of the central ring in the equatorial plane (equatorial ring, ER), and likely
formed at the same time as the ER (Crotts & Heathcote, 2000; Tziamtzis et al.,
2011). The synchrotron emission, generated by the shock propagating into the
clumpy circumstellar medium (CSM) close to the equatorial plane, was detected
in the mid-90s (Staveley-Smith et al., 1992; Turtle et al., 1990), and has become
brighter over time (Manchester et al., 2002; Zanardo et al., 2010). Radio ob-
servations have stretched from flux monitoring at 843 MHz with the Molonglo
Observatory Synthesis Telescope (Ball et al., 2001; Staveley-Smith et al., 1993)
to images of sub-arcsec resolution with the Australia Telescope Compact Array
(ATCA) (Gaensler et al., 1997; Manchester et al., 2005; Ng et al., 2008; Potter
et al., 2009; Zanardo et al., 2013). ATCA observations at 94 GHz (Lakićević,
Zanardo et al., 2012a) have been followed by observations from 100 GHz up to
680 GHz with the Atacama Large Millimeter/submillimeter Array (ALMA; In-
debetouw et al., 2014; Kamenetzky et al., 2013).

The ongoing shock expansion has been monitored at 9 GHz since 1992 (Gaensler
et al., 1997, 2007). Shock velocities of ∼4000 km s−1 have been measured between
day 4000 and 7000 (Ng et al., 2008), while signs of a slower expansion have been
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tentatively detected after day ∼7000, as the shock has likely propagated past
the high-density CSM in the ER (Ng, Zanardo et al., 2013). Similar evidence of
slower shock expansion since day ∼6000 has been found in X-ray data (Park et
al., 2005, 2006; Racusin et al., 2009) as well as in infrared (IR) data (Bouchet et
al., 2006).

Since the early super-resolved images at 9 GHz (Gaensler et al., 1997), a limb-
brightened shell morphology has been characteristic of the remnant. The radio
emission, over the years, has become more similar to an elliptical ring rather than
the original truncated-shell torus (Ng, Zanardo et al., 2013). The radio remnant
has shown a consistent east-west asymmetry peaking on the eastern lobe, which
has been associated with higher expansion velocities of the eastbound shocks
(Zanardo et al., 2013). The asymmetry degree appears to have changed with the
shock expansion, as images at 9 GHz exhibit a decreasing trend in the east-west
asymmetry since day ∼7000 (Ng, Zanardo et al., 2013). High-resolution obser-
vations at 1.4–1.6 GHz (Ng et al., 2011) via Very Long Baseline Interferometry
(VLBI) with the Australian Large Baseline Array (LBA), have highlighted the
presence of small-scale structures in the brightest regions in both lobes.

The relation between the radio emission and the synchrotron spectral indices,
α (Sν ∝ να), has been investigated via both flux monitoring (Manchester et al.,
2002; Zanardo et al., 2010) and imaging observations (Lakićević, Zanardo et al.,
2012a; Potter et al., 2009; Zanardo et al., 2013) with the ATCA. The progressive
flattening of the radio spectrum derived from 843 MHz to 8.6 GHz at least since
day 5000, coupled with the e-folding rate of the radio emission, has pointed to an
increasing production of non-thermal electrons and cosmic rays (CR) by the shock
front (Zanardo et al., 2010). On the other hand, the association of steeper spec-
tral indices with the brightest eastern sites implies a higher injection efficiency on
the eastern side of the SNR (Zanardo et al., 2013). Flatter spectral indices in the
centre of the remnant have been tentatively identified from low-resolution two-
frequency spectral maps (Lakićević, Zanardo et al., 2012a; Potter et al., 2009),
while at 18–44 GHz the central and centre-north regions have −0.5 � α � −0.3
(Zanardo et al., 2013). With ALMA, the spectral energy distribution (SED) of
the remnant has been mapped where the non-thermal and thermal components
of the emission overlap, identifying cold dust in the SNR interior (Indebetouw et
al., 2014), which accommodates 0.4 − 0.7M⊙ of the dust mass discovered with
the Herschel Space Observatory (Herschel ; Matsuura et al. 2011) in the ejecta.

This paper combines the results presented by Indebetouw et al. (2014) with a
comprehensive morphological and spectral analysis of SNR 1987A based on both
ATCA and ALMA data. In § 4.2, we present the ALMA Cycle 0 super-resolved
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Table 4.1: ALMA Observing Parameters

Parameter 102 GHz 213 GHz 345 GHz 672 GHz
(Band 3, B3 ) (Band 6, B6 ) (Band 7, B7 ) (Band 9, B9 )

Date (2012) Apr 5, 6 Jul 15 & Aug 10 Jul 14 & Aug 24 Aug 25 & Nov 5
Day since explosion 9174 9287 9294 9351
Frequency bands∗ (GHz) 100.093–101.949 213.506–213.597 336.979–340.917 661.992–665.992

102.051–103.907 349.010–352.963 678.008–682.008
Center frequency (GHz) 101.918 213.146 345.364 672.165
Channel width (MHz) 4.883 4.883 31.250 15.625
Max baselines (u, v) (kλ) 150, 120 180, 260 400, 400 700, 700
No. of antennas 14–18 14–23 28 19–25
Total observing time (hr) 0.83 1.03 0.62 3.40

∗In B3 and B6, the frequency range is selected to avoid CO and SiO emission (Kamenet-
zky et al., 2013).

images before and after subtraction, in the Fourier plane, of the synchrotron and
dust components (§ 4.3). In § 4.4, we assess the remnant asymmetry from 44
to 345 GHz. In § 4.5, we update the SED derived by Indebetouw et al. (2014),
while, in § 4.6, we investigate the spectral index variations in the SNR across the
transition from radio to far infrared (FIR). In § 4.7, we discuss possible particle
flux injection by a pulsar situated in the inner regions of the remnant.

4.2 Observations and analysis
The ATCA and ALMA observations used in this study were performed in 2011
and 2012. ATCA observations at 44 and 94 GHz are detailed in Zanardo et al.
(2013) and Lakićević, Zanardo et al. (2012a), respectively. ALMA observations
were made in 2012 (Cycle 0) from April to November, over four frequency bands:
Band 3 (B3, 84–116 GHz, λ 3 mm), Band 6 (B6, 211–275 GHz, λ 1.3 mm), Band
7 (B7, 275–373 GHz, λ 850 µm) and Band 9 (B9, 602–720 GHz, λ 450 µm). Each
band was split over dual 2-GHz-wide sidebands, with minimum baselines of 17 m
(B9) to maximum baselines of 400 m (B3). All observations used quasars J0538-
440 and J0637-752 as bandpass and phase calibrators, respectively. Callisto was
observed as an absolute flux calibrator in B3 and B6, while Ceres was used in
B7 and B9 (see also Kamenetzky et al., 2013). It is noted that, while ALMA is
designed to yield data with flux density calibration uncertainty as low as ∼1%,
in Cycle 0 this uncertainty is estimated at ∼5% at all frequencies. Relevant ob-
servational parameters are listed in Table 4.1 (see also Table 1 in Indebetouw et
al. 2014).
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Table 4.2: Image Parameters

Image Sν
(a) SR Beam(b) DL Beam (c) PA Rms noise Dynamic range

(GHz) (mJy) (��) (��) (◦) (mJy/beam)

94(d) 24.2± 3.9 0.7 · · · · · · 0.085 137
102(e) 23.1± 3.1 0.8 1.74× 1.25 5.7 0.033 285
213 19.7± 1.6 0.6 1.16× 0.74 −68.5 0.034 75
345 16.7± 1.5 0.3 0.65× 0.48 −40.2 0.023 121
672 52.8± 14.2 0.3 0.34× 0.28 68.5 1.219 28

94−IB9
(f) 23.2± 3.9 0.7 0.78× 0.63 15.4 0.094 81

102−IB9 19.4± 3.2 0.8 1.66× 1.19 6.3 0.034 143
213−IB9 16.9± 1.9 0.6 1.16× 0.74 −68.5 0.029 64
345−IB9 11.5± 1.9 0.3 0.65× 0.48 −44.0 0.031 43
672−IB9 −1.0± 14.3 0.3 0.34× 0.28 68.5 1.193 2

94−I44(g) 0.9± 3.9 0.7 0.78× 0.63 15.4 0.095 60
102−I44 3.5± 3.1 0.8 1.48× 0.96 10.1 0.027 81
213−I44 2.9± 1.7 0.6 1.16× 0.74 −68.5 0.024 26
345−I44 5.8± 1.6 0.3 0.65× 0.48 −44.0 0.014 90
672−I44 47.4± 14.8 0.3 0.57× 0.55 78.6 0.816 24

aAll flux densities are derived from the diffraction-limited images. The errors are derived from
the flux calibration uncertainty combined with the uncertainties in the image subtraction..
bCircular beam used for super-resolution (SR).
cBeam associated with the diffraction-limited (DL) image.
dThe flux density is scaled to day 9280 via exponential fitting parameters derived for ATCA
flux densities from day 8000, as measured at 8.6 and 9 GHz (Zanardo et al., in preparation).
All other image parameters are as from Lakićević, Zanardo et al. (2012a).
eImages are shown in Figures 4.1 and 4.2.
f Images obtained by subtracting the model flux density at 672 GHz (IB9) scaled to fit the
central emission. See central column of Figures 4.1 and 4.2.
gImages obtained by subtracting the model flux density at 44 GHz (I44) scaled to fit the
toroidal emission. See left column of Figures 4.1 and 4.2.

Each dataset was calibrated with the casa3 package, then exported to
MIRIAD1 for imaging. After CLEAN-ing (Högbom, 1974), both phase and am-
plitude self-calibration were applied in B3 over a 2-minute solution interval, while
only phase calibration was applied in B6 and B7. No self-calibration was per-
formed in B9. As in Zanardo et al. (2013), we note that since the self-calibration
technique removes position information, each image was compared with that prior
to self-calibration and, in case of positional changes, the self-calibrated images
were shifted. Further adjustments were made in the comparison with the ATCA
observations at 44 GHz, based on prominent features on the eastern lobe and
location of the remnant centre. As from Zanardo et al. (2013), the 44 GHz image
was aligned with VLBI observations of the SNR (Zanardo et al. in preparation).
Adding in quadrature these positional uncertainties and the accuracy of the LBA

3 http://casa.nrao.edu/
1 http://www.atnf.csiro.au/computing/software/MIRIAD/

http://casa.nrao.edu/
http://www.atnf.csiro.au/computing/software/MIRIAD/


110
CHAPTER 4. SPECTRAL & MORPHOLOGICAL ANALYSIS WITH

ALMA/ATCA

VLBI frame, the errors in the final image position are estimated at ∼60 mas.

In B3, B6, and B7, deconvolution was carried out via the maximum entropy
method (MEM; see Appendix A) (Gull & Daniell, 1978). A weighting parameter
of robust = 0.5 (Briggs, 1995) was used in all bands. The resultant diffraction-
limited images, which have central frequency at 102 GHz in B3, 213 GHz in B6,
345 GHz in B7 and 672 GHz in B9, were then super-resolved with a circular
beam of 0.��8 in B3, 0.��6 in B6, and 0.��3 in B7 and B9. The diffraction limited and
super-resolved images are shown in the first column of Figures 4.1 and 4.2, below
the ATCA image at 94 GHz (Lakićević, Zanardo et al., 2012a). Integrated Stokes
I flux densities, dynamic range and related rms are given in Table 4.2.

To decouple the non-thermal emission from that originating from dust, the
synchrotron component, as resolved with ATCA at 44 GHz (Zanardo et al., 2013),
and the dust component, as imaged with ALMA at 672 GHz (B9) (Indebetouw et
al., 2014), were separately subtracted from the datasets at 94, 102, 213, 345 and
672 GHz. All subtractions were performed in the Fourier plane, via MIRIAD

task uvmodel, where the model flux density at 44 GHz was scaled to fit the SNR
emission over the ER (I44), while the B9 model flux density was scaled to fit the
emission localised in the central region of the remnant (IB9). Scaling of the 44
GHz model was tuned by minimizing the flux density difference on the brighter
eastern lobe, without over-subtracting in other regions of the remnant. To sepa-
rate the emission in the SNR centre, the central flux was first estimated by fitting
a gaussian model via MIRIAD task uvfit. The image model at 672 GHz was
then scaled to match the flux of the gaussian model. The scaling factor was fur-
ther tuned to minimise over-subtraction.

Super-Nyquist sampling was applied in all images, using a pixel size of 8 mas
to avoid artefacts when sources are not at pixel centres. Deconvolution via MEM
was carried out on the residual images obtained from the subtraction of IB9, while
standard CLEANing was applied to the residuals obtained from the I44 subtrac-
tion. All diffraction-limited subtracted images are shown in the central and right
columns of Figure 4.1, while Figure 4.2 shows the residuals after super-resolution
with the circular beam used for the original images. All image parameters are
given in Table 4.2.

The flux densities were determined by integrating within polygons enclosing
the SNR emission. Uncertainties in the flux densities include uncertainties in
the image fitting/scaling process combined with the uncertainty in the flux den-
sity calibration. We note that the residual images from the subtraction of both
models at 44 and 672 GHz were not considered, since the error attached to the
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Figure 4.1: (Caption on the following page.)



112
CHAPTER 4. SPECTRAL & MORPHOLOGICAL ANALYSIS WITH

ALMA/ATCA

Figure 4.1: Top to bottom – Left column: Stokes I continuum images of SNR 1987A at 94
(Lakićević, Zanardo et al., 2012a), 102, 213, 345 and 672 GHz. Images from 102 to 672 GHz
are made from ALMA observations (Cycle 0) performed from 2012 April 5 to November 5 (see
Table 4.1). center column: Images obtained by subtracting the model flux density at 672 GHz
(Band 9) scaled to fit the central emission. Right column: Images obtained by subtracting
a scaled model flux density at 44 GHz (Zanardo et al., 2013), with 3σ flux density contours
highlighted (white). The angular resolution is shown in the bottom left corner. The green
cross indicates the VLBI position of SN 1987A as determined by Reynolds et al. (1995) [RA
05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)].

double subtraction exceeds the total integrated flux density. Only at 213 GHz
the error–flux margin is minor, as the diffraction-limited image obtained after the
dual subtraction has integrated flux density of 2.1± 1.9 mJy (Figure 4.3).

4.3 Morphology
ALMA observations of SNR 1987A capture both the remnant emission from the
ER and that from the SNR interior, where the dense ejecta sit (Indebetouw et
al., 2014; Kamenetzky et al., 2013).

While the image at 102 GHz barely resolves the two-lobe distribution of the
emission, the images at 213 and 345 GHz clearly show the ringlike emission mor-
phology, localised around the ER (see Figures 4.1 and 4.2). It is understood that
the radio emission over the ER is primarily synchrotron emission, generated by
the interaction of the SN shock with the dense CSM near the equatorial plane,
which results in a magnetic-field discontinuity where particles are accelerated
(e.g. Zanardo et al., 2010, 2013). As shown in early models of Type II SNRs
(Chevalier, 1982), the region of interaction between the SN blast and the CSM
consists of a double-shock structure, with a forward shock, where ambient gas is
compressed and heated, and a reverse shock, where the ejecta are decelerated.
Between the two shocks, the reflected shocks, due to the forward shock colliding
with the dense ER (Borkowski et al., 1997), propagate inward (Zhekov et al.,
2009, 2010). The reverse shock at first expanded outwards, behind the forward
shock, but might have been inward-moving since day ∼ 7000. As discussed by
Ng, Zanardo et al. (2013), the ring synchrotron emission is currently localised
between the forward and reverse shocks, and likely has components from both
the ER and high-latitude material above the equatorial plane. Truncated-shell
torus models of the remnant geometry at 9 GHz indicate that the half-opening
angle has been decreasing since day ∼7000, and is estimated at ∼ 27◦ at day 9568
(Ng, Zanardo et al., 2013).
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Figure 4.2: (Caption on the following page.)
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Figure 4.2: The panel layout is identical to that in Figure 4.1, but all Stokes I continuum
subtracted images are super-resolved. The circular beam used for the super-resolved ALMA
images is 0.��8 at 102 GHz (Band 3), 0.��6 at 213 GHz (Band 6), 0.��3 at 345 (Band 7) and 672
GHz (Band 9), and is plotted in the lower left corner. The 94 GHz images are restored with
a 0.��7 circular beam. For images on the right column, 3σ flux density contours are highlighted
(white). The green cross indicates the VLBI position of SN 1987A as determined by Reynolds
et al. (1995).

At 345 GHz the SNR interior is brighter, while at 672 GHz the emission is pre-
dominantly localised in the central region of the remnant. Since the emission from
this region rises steeply with frequency, it has been identified with thermal dust
emission (Indebetouw et al., 2014), as dust grains, probably heated by 44Ti decay
and X-ray emission from the reverse shock (Larsson et al., 2013), emit strongly
in the FIR regime. The central emission, visible both in B7 and B9, appears
to extend over the inner optical ejecta (see Figure 4.4). In particular, as noted
by Indebetouw et al. (2014), this inner emission shows a north–south elongation,
which in B9 can be identified between PA ∼ 20◦ and PA ∼ 30◦, similar to that
seen with HST (Larsson et al., 2011, 2013). From both Figures 4.1 and 4.2, it
can also be noticed that the SNR emission at 672 GHz includes possible emission
located to the NW (see contour overlays in Figure 4.5). This NW feature has
signal-to-noise ratio (S/N) of 3.7 σ, and integrated flux density of 6.8±0.5 mJy,
i.e. ∼10% of the total integrated flux density at 672 GHz.

4.3.1 Subtracted images

To identify the origin of the emission in the I44−subtracted images, with re-
spect to the structure of the remnant as seen with HST (Larsson et al., 2011),
the diffraction-limited residuals at 102, 213 and 345 GHz are superimposed in
Figure 4.5. It can be seen that the residual at 102 GHz, characterised by
S/N |102 = 6.9 σ, is mainly located on the western lobe, west of the VLBI po-
sition of SN 1987A, as determined by Reynolds et al. (1995) [RA 05h 35m 27.s968,
Dec −69◦ 16� 11.��09 (J2000)]. We note that, since the residual emission at 102
GHz has a constant flux per synthesised beam, the S/N ratio is independent
on the beam size. The emission at 213 GHz (orange contours in Figure 4.5),
with S/N |213 = 7.7 σ, peaks NW of the SN position, while fainter emission
(S/N |E213 = 4.2 σ) may extend NE. The residual emission at both 102 and 213
GHz is above noise levels and, thus, unlikely to be the result of image artefacts.
Given the brightening of the emission from the dust in the central region of the
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Figure 4.3: Stokes I continuum image of SNR 1987A at 213 GHz as obtained after the dual
subtraction of the model flux densities at 44 and 672 GHz (see § 4.2). The image is super-
resolved with a 0.��6 circular beam, and the yellow contour highlights the 3σ flux density levels.
The off-source rms noise is 0.14 mJy beam−1 (S/N ∼ 6σ). For comparison, the 213 GHz image
obtained after the single subtraction of the model flux density at 44 GHz and similarly super-
resolved with a 0.��6 circular beam (see Figure 4.2), is outlined via the 3σ flux density levels
(magenta contours). The model images, i.e. the Stokes I images at 44 GHz (Zanardo et al.,
2013) and at 672 GHz, are outlined by blue and white contours, respectively, at the 5σ flux
density levels. Both model images are resolved with a 0.��3 circular beam.
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Figure 4.4: Overlay of the HST image of SNR 1987A (light blue contours; (Larsson et al.,
2011)) on the 345 GHz image produced from ALMA observations performed in 2012 June and
August (brown–yellow colour scale and red contours). As from Figure 4.2, the ALMA image is
super-resolved with a 0.��3 circular beam.
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Figure 4.5: Comparison of the diffraction-limited images of SNR 1987A at 102, 213 and 345
GHz, as obtained after subtraction of the scaled model flux density at 44 GHz (see Figure 4.1,
right column), with the optical image of the remnant. In detail, the residual image at 102
GHz (brown–yellow colour scale) is overlaid with the contours outlining the residual images
at 213 GHz (orange) and at 345 GHz (yellow). To locate the main sites associated with dust
emission, the diffraction-limited image at 672 GHz is also outlined (red) (as from Figure 4.1,
left column). Images at 213, 345 and 672 GHz are overlaid with contours at 3, 4 and 5σ flux
density levels. The angular beams associated with each image, as shown in Figure 4.1, are
listed in Table 4.2. The HST image (Larsson et al., 2011) is outlined via contours (blue) that
highlight the structure of the outer rings, the equatorial ring and the ejecta.
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SNR, the residual images at 345 and 672 GHz have higher S/N. In particular,
at 345 GHz (yellow contours in Figure 4.5) S/N |345 = 17.4 σ, while, similar to
the morphology at 213 GHz, the residual emission extends westwards and elon-
gates NW, with a much fainter spot on the north-eastern section of the ER
(S/N |E345 = 2.4 σ). A westward-elongated morphology is present in the image at
672 GHz (S/N |672 = 12.5 σ).

The IB9−subtracted images emphasise the ringlike morphology of the syn-
chrotron emission that mainly originates near the ER (see § 4.3) and, thus, the
asymmetry of this emission, which is discussed in § 4.4. These residuals also
highlight the presence of NW emission at 672 GHz, i.e. outside the inner SNR
(see red contours in Figure 4.5). In fact, at 94, 213, and 345 GHz, it can be
seen that the discontinuity in the NW sector of the ER, between PA ∼ 290◦ and
PA ∼ 300◦, becomes more prominent after subtraction of the B9 model. Some
extended emission north and NW of the ER emerges from noise at 345 GHz.

4.4 Asymmetry
The east-west asymmetry of the synchrotron emission, primarily associated with
the emission morphology over the ER, is investigated from 44 to 345 GHz, as
shown in Figure 4.6, where all images are restored with a 0.��7 circular beam. At
213 and 345 GHz the central dust emission is subtracted, via a scaled model of
the flux density as resolved in B9 (see § 4.2).

Considering radial sections crossing the SN site (Reynolds et al., 1995), the
SNR asymmetry is first estimated as the ratio between the eastern peak of the
radial slice crossing the maximum emission on the eastern lobe (see black/white
profile in Figure 4.6), and the western peak of the radial slice crossing the max-
imum emission on the western lobe, (see red profiles in Figure 4.6). This ratio,
Ap, emphasises the hot spots on each side of the remnant. Alternatively, the
ratio Ai between the total flux densities integrated over the eastern and western
halves of the image, is derived by splitting the image at the RA associated with
the SN site. For comparison with previous asymmetry estimates (e.g. Zanardo
et al., 2013), the ratio A90 between the eastern and western peaks of the radial
slice at PA 90◦ (see dark green profile in Figure 4.6) is also derived. All values
for Ap, Ai and A90, both for the images restored with a 0.��7 circular beam (as
in Figure 4.6) and the diffraction-limited images, are plotted in Figure 4.7 and
listed in Table 4.3.
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Fig. 4.— Top to bottom - Left column: Stokes-I continuum images of SNR 1987A at 44, 94, 108, 213 and 345 GHz. The 213 (213–B9)
and 345 GHz (345–B9) images are derived after subtraction of the model flux density at 672 GHz (Band 9, B9). All images are resolved
with a 0.��7 circular beam (bottom left corner). Right column: Radial slices through each image at four position angles (as indicated on the
images on the left column), which correspond to 0◦ (light green), 90◦ (dark green), emission peaks on the eastern lobe (white/black) and on
the western lobe (red). The radial slices are plotted against the RA offset from the VLBI position of SN 1987A as determined by Reynolds
et al. (1995) [RA 05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)]. Centre column: The images on the left column are converted to polar
coordinates to visualize asymmetries in the two-dimensional radial distribution. The position angle and the projected radial distance from
the geometrical center of the remnant, are the new coordinates. Each image is projected along concentric ellipses as the one overlaid (blue)
on the 44 GHz image (left column, bottom image). The emission intensity is conserved in the conversion. Contours at 65% and 85% levels
of the emission are shown on all images (white).

Figure 4.6: (Caption on the following page.)
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Figure 4.6: Top to bottom - Left column: Stokes I continuum images of SNR 1987A at 44,
94, 102, 213, and 345 GHz. The 213 (213–B9 ) and 345 GHz (345–B9 ) images are derived
after subtraction of the scaled model flux density at 672 GHz (Band 9, B9 ). All images are
resolved with a 0.��7 circular beam (as shown in the bottom left corner of the 44 GHz image).
Center column: The images on the left column are converted to polar coordinates to visualise
asymmetries in the two-dimensional radial distribution. The position angle and the projected
radial distance from the geometrical centre of the remnant, are the new coordinates. Each
image is projected along concentric ellipses (e.g. blue ellipse overlaid on the 44 GHz image).
The emission intensity is conserved in the conversion. Contours at 65% and 85% levels of the
emission are shown on all images (white). Right column: Radial slices through each image at
four position angles (as indicated on the images on the left column), which correspond to 0◦

(light green), 90◦ (dark green), emission peaks on the eastern lobe (white/black) and on the
western lobe (red). The radial slices are plotted against the RA offset from the VLBI position
of SN 1987A as determined by Reynolds et al. (1995) [RA 05h 35m 27.s968, Dec −69◦ 16� 11.��09
(J2000)].

From Figure 4.6 it can be seen that the A90 ratio does not fully capture the
asymmetry changes with frequency, since the hot spot in the western lobe, which
becomes brighter from 102 to 345 GHz, is located southwards of the 90◦ profile.
In Figure 4.7, the linear fits derived for both Ap and Ai ratios show a consistent
decrease as frequencies reach the FIR. At 345 GHz, Ai values indicate that the
east-west asymmetry is reversed, thus matching the asymmetry trend seen in
recent HST images (Larsson et al., 2011), where the western side of the ring is
markedly brighter. As discussed in § 4.3, the morphology similarities between the
optical image of the SNR and the super-resolved image at 345 GHz are evident
(see Figure 4.4).

The change of the remnant’s east-west asymmetry over time has been dis-
cussed by Ng, Zanardo et al. (2013), as the result of a progressive flattening of
the shock structure in the equatorial plane, due to the shock becoming engulfed in
the dense UV-optical knots in the ER, coupled with faster shocks in the east side
of the remnant. In the radio, faster eastbound outer shocks have been measured
(Zanardo et al., 2013) via image alignment, and point to an asymmetric explosion
of a binary merger as SN progenitor (Morris & Podsiadlowski, 2007, 2009). As
the SN blast is gradually overtaking the ER, faster expanding shocks in the east
would exit the ER earlier than in the west. The effects of the asymmetric shock
propagation are likely to emerge in the transition from radio to FIR rather than
at lower frequencies, due to the shorter synchrotron lifetime at higher frequencies.
It is noted that in the X-ray remnant, where the NE sector is brighter (Fransson
et al., 2013), only a single expansion velocity has been measured via model fitting.
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Table 4.3: Asymmetry Ratios

Image Ap ≡ Sν(EMax)

Sν(WMax)
(a) Ai ≡

�

E
Sν

�
�

W
Sν

(b) A90 ≡ Sν

�
EMax

WMax

�����
90◦

(c)

GHz 0.��7(d) DL (e) 0.��7 DL 0.��7 DL

44 1.61± 0.08 1.42± 0.05 1.36± 0.02 1.53± 0.07 1.69± 0.08 1.54± 0.05
94 1.55± 0.05 · · · 1.18± 0.04 · · · 1.88± 0.07 · · ·

102 1.44± 0.04 · · · 1.10± 0.04 · · · 1.40± 0.07 · · ·
213 1.28± 0.03 1.43± 0.05 1.24± 0.06 1.23± 0.02 1.43± 0.02 1.49± 0.05
213−IB9(f) 1.44± 0.03 · · · 1.30± 0.02 · · · 1.19± 0.03 · · ·
345 · · · 1.28± 0.03 · · · 0.78± 0.04 · · · 1.16± 0.03
345−IB9(f) 1.30± 0.02 · · · 0.80± 0.02 · · · 1.48± 0.04 · · ·

aRatio between the eastern peak of the radial slice crossing the maximum emission on the eastern
lobe, and the western peak of the radial slice crossing the maximum emission on the western lobe
(see black/white and red profiles in Figure 4.6).
bRatio between the total flux densities integrated over the eastern and western halves of the image.
The image is split at the RA associated with the SN site (Reynolds et al., 1995).
cRatio between the eastern and western peaks of the radial slice at PA 90◦ (see dark green profile
in Figure 4.6).
dImages resolved with a 0.��7 circular beam (see Figure 4.6).
eDiffraction-limited (DL) images (see Figure 4.1).
f Images derived after subtraction of the model flux density at 672 GHz (Band 9, B9 ), scaled to fit
the central emission (see Figure 4.6).

To estimate the synchrotron lifetime in the FIR range, we use the approxi-
mation that, in a magnetic field of strength B, all the radiation of an electron of
energy E is emitted only at the critical frequency, νc, as (Rybicki & Lightman,
1979)

ν ≈ νc ≈
3

2

�
E

mec2

�2 eB

2πme
sinθ ≈ 3

2
γ2νg sinθ (4.4.1)

where E = γmec2 and γ is the Lorentz factor, νg = eB/2πme is the non-
relativistic gyrofrequency, and the electrons orbit is inclined at a pitch angle
θ to the magnetic field. If νc is expressed in GHz, B in µG and E in GeV,

νc ∼ 1.6× 10−2E2B sinθ (4.4.2)

while the synchrotron power emitted by each electron, is

− dE/dt ∼ 3.80× 10−18(B sinθ)2E2 (4.4.3)

The synchrotron lifetime, τe, can then be derived as a function of νc (e.g.
Condon, 1992)

τe ≡
E

|dE/dt| ∼ 1.06× 109(B sinθ)−3/2ν−1/2
c , (4.4.4)
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where τe is expressed in years, B in µG and ν in GHz. As the electrons are
expected to have an isotropic distribution of pitch angles, �sin2θ� = 2/3; for
200 � ν � 400 GHz, and assuming a magnetic field strength at the shock front of
10 � B � 20 mG (Berezhko & Ksenofontov, 2006; Berezhko et al, 2011), in the
radio/FIR transition we can estimate 20 � τe � 80 yr. However, since it is likely
that sub-diffusive particle transport (Kirk et al., 1996) is taking place in regions
of the SNR, in conjunction with efficient CR acceleration (Glushkov et al., 2013),
local magnetic-field amplifications could exceed the above limits by at least an
order of magnitude (Bell & Lucek, 2001). In this scenario, the local τe would be
of the order of months. Therefore, with regions in the remnant where electrons
might be unable to cross the emission sites within their radiative life-time, the
synchrotron emission at FIR frequencies would require the presence of relatively
fresh injected and/or re-accelerated electrons to match the emission distribution
at lower frequencies.

4.5 Spectral energy distribution
The spectral energy distribution for ATCA data from 1.4 to 94 GHz and ALMA
data is shown in Figure 4.8. To match the average epoch of the ALMA data, the
ATCA data are scaled to day 9280, via exponential fitting parameters derived for
ATCA flux densities from day 8000, as measured at 1.4, 8.6 and 9 GHz (Zanardo
et al., in preparation; Staveley-Smith et al., 2014). Across the transition from
radio to FIR frequencies, the observed spectrum consists of the sum of thermal
and non-thermal components.

As described in § 4.2, to identify the dust component of the emission from
the inner regions of the remnant, the B9 model flux density, SB9, has been scaled
to fit the emission measured in the SNR central region at 94–345 GHz (SB9 fit,
hollow red circles in Figure 4.8). The subtraction of SB9 fit from the visibilities
at 94–345 GHz yields the residual flux densities indicated as Sν − SB9 fit (purple
bars in Figure 4.8), as for the images shown in the central column of Figure 4.1.
The flux densities SB9 fit derived in B6 and B7, together with the total integrated
flux density measured in B9 (SB9), although obtained via a different reduction
technique, have been associated by Indebetouw et al. (2014) with dust grains, in
conjunction with data from Herschel (Matsuura et al., 2011) and the Atacama
Pathfinder Experiment (APEX; Lakićević et al., 2012b) (Figure 4.8).

Similarly (see § 4.2), to separate the thermal and non-thermal emission, the
44 GHz model flux density, S44, has been scaled to fit the toroidal component
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Figure 4.7: Asymmetry ratios of Stokes I images of SNR 1987A from 44 to 345 GHz. With
reference to Table 4.3, the east-west asymmetry ratios estimated via three different methods
are indicated as: Ap (black symbols); Ai (red symbols); A90 (blue symbols). Asymmetry ratios
are derived from the diffraction-limited images (diamonds) (see Figure 4.1), from the images
restored with a 0.��7 circular beam (circles) (see Figure 4.6); and from images obtained after the
subtraction of the dust emission component (stars) (see Figure 4.6). Tentative linear fits are
shown for Ap (black fits), Ai (red fits) and A90 (blue fits), based on all ratios derived via each
method. The orthogonal distance regression (AODR) and the robust fitting from the square
root of absolute residuals (AAbs), are tested for linear interpolation. The combined fits for the
Ap and Ai ratios yield an average A(ν) ∼ A(ν0) − 1.9 ± 0.8 × 10−3ν, where ν is expressed in
GHz and A(ν0 = 30) = 1.57± 0.13.

of the emission at 94–672 GHz (blue/cyan diamonds in Figure 4.8). By fitting
the resulting S44 fit components and the ATCA flux densities at 1.4–44 GHz, we
obtain, at day 9280, the synchrotron spectral index αs = −0.727 ± 0.020, with
Sν(αs) ∝ ναs . The spectral index measured from 1.4 to 94 GHz, i.e. for ATCA
data only, is αATCA = −0.735 ± 0.028. The spectral indices αs ≈ αATCA are
consistent with the progressive flattening of the radio spectrum measured since
day ∼ 5000 (Zanardo et al., 2010). The subtraction of S44 fit from the visibilities



124
CHAPTER 4. SPECTRAL & MORPHOLOGICAL ANALYSIS WITH

ALMA/ATCA

at 94–672 GHz, gives the residual flux densities Sν −S44fit (red/orange diamonds
in Figure 4.8), as for the images shown in the right column of Figures 4.1. In B3,
B6 and B7, Sν − S44fit > SB9fit , i.e. the residuals exceed the emission expected
from the dust.

While the subtraction of the flux densities is inevitably affected by errors
(see Table 4.2), given that the I44−subtracted images have a S/N� 7 σ and the
residual emission appears primarily located westwards of the optical ejecta (see
§ 4.3.1), we investigate the nature of this emission excess as: (1) free-free emis-
sion from an ionised fraction of the inner ejecta; (2) synchrotron emission from
a compact source located in the inner regions of the remnant; (3) emission from
grains of very cold dust.

4.5.1 Free-free emission

To estimate the free-free radiation in the SNR as imaged with ALMA, we hy-
pothesise an ionised portion of the ejecta as an approximately spherical region,
located inside the ER. Using the beam size of the super-resolved I44−subtracted
image at 102 GHz as an upper limit, we consider the radius of the spheri-
cal region up to Rs ∼ 0.��40 (≈ 3.08 × 1017 cm). Such radius covers the ex-
tent of the inner ejecta as imaged in the optical (Larsson et al., 2013), and
stretches to the likely radius of the reverse shock, qualitatively identified with
the inner edge of the emission over the ER (see Figure 4.4). Given that the
pre-supernova mass has been estimated between 14M⊙ and 20M⊙ (Smartt,
2009), if we assume that the Hii region in the ejecta has a uniform density
ρej(r) = 3MHII(4πr3)−1, we set 0.7M⊙ � MHII � 2.5M⊙. The lower limit,
MHII ∼ 0.7M⊙, i.e. ρej(r = Rs) = 1.1× 10−20, represents a partial ionisation of
the ejecta by X-ray flux, either within the inner region or on the outer layer. The
upper limit, MHII ∼ 2.5M⊙, i.e. ρej(r = Rs) = 4.1 × 10−20 g cm−3 matches the
density model by Blinnikov et al. (2000) scaled to the current epoch (see Figure
21 in Fransson et al., 2013), and corresponds to complete ionisation of the H and
He mass within Rs.

The optical depth associated with the Hii region along the line of sight (los)
can be estimated as

τff ≈ 3.28× 10−7 T−1.35
4 ν−2.1N2

eRs, (4.5.5)

where T4 = Te/(104 K), ν is in GHz, Ne is in cm−3 and Rs ≈
�
los dl is in pc. With

T4 ∼ 1, 4.6×106 � EM = N2
eRs � 5.9×107 cm−6 pc, the emission at frequencies
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Figure 4.8: Spectral energy distribution (SED) of SNR 1987A from radio to FIR, with data
from: ATCA at 1.4 GHz (Zanardo et al. in prep), 9 GHz (Ng, Zanardo et al., 2013), 18 and
44 GHz (Zanardo et al., 2013), and 94 GHz (Lakićević, Zanardo et al., 2012a); ALMA at 102
GHz (Band 3, B3), 213 GHz (Band 6, B6), 345 GHz (Band 7, B7) and 672 GHz (Band 9, B9)
(this paper); the Atacama Pathfinder EXperiment (APEX) at 345 and 857 GHz (Lakićević et
al., 2012b); the Herschel Space Observatory at 600 – 3000 GHz (Matsuura et al., 2011). The
brown dash-dot-dotted curve is the amorphous carbon dust fit for ALMA data and Herschel
observations carried out in 2012 (Matsuura et al., 2014, submitted). To match the average epoch
of ALMA observations, ATCA data are scaled to day 9280, via exponential fitting parameters
derived for ATCA flux densities from day 8000, as measured at 1.4, 8.6 and 9 GHz (Zanardo et
al., in preparation; Staveley-Smith et al., 2014). The hollow red diamond indicates the central
emission measured at 44 GHz as reported by Zanardo et al. (2013), scaled to day 9280. The
difference between possible spectral fits is highlighted in light orange. See § 4.5 for a detailed
description of this figure.
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102 � ν � 672 GHz is nearly transparent as 2.28× 10−6 � τff � 1.2× 10−3. The
flux associated with the ionised component of the ejecta, can then be derived as

Sνff ∝ τff (ν)
2kT

λ2
Ω ∝ ν−0.1. (4.5.6)

Considering the solid angle Ω subtended by the same radius, Rs, at all fre-
quencies, for the lower limit MHII ≈ 0.7M⊙, i.e. Ne = 6.8 × 103 cm−3, Sνff ∼
(Sν−S44fit) at 102 and 213 GHz, as Eq. 4.5.6 yields S102ff ∼ 3.9 mJy, S213ff ∼ 3.2
mJy, S345ff ∼ 3.1 mJy and S672ff ∼ 2.9 mJy. These Sνff values (blue stars in
in Figure 4.8) would well fit the SED (see blue fit in Figure 4.8). If the Hii

density is considerably higher, as given by the upper limit MHII ≈ 2.5M⊙, the
derived Sνff fluxes would exceed the emission residuals by an order of magnitude.

As a constraint to the free-free emission component, the hypothesised Hii

region would also produce optical and near-IR Hi recombination lines. The re-
sultant Hα flux can be estimated as

SHα ≈ �NeN+

�
4

3
πR3

s

�
f

4πd2
, (4.5.7)

where � ∝ αA is the emissivity of the Hα line per unit volume, with αA =
αA(T ) =

�
n αn(T ) the total recombination coefficient, f is the volume filling

factor and d is the distance to the source. If one adopts � ≈ 3.53 × 10−25 T−0.92
4

erg cm−3 s−1 for T4 � 0.5 (e.g. Storey & Hummer, 1995), the number of ions
N+ = Ne = 6.8× 103 cm−3 as for the lower limit assumed for the density of the
Hii region, and Rs ≈ 3.08 × 1017 cm, for f ∼ 1 one obtains SHα ≈ 1.26 × 10−11

erg cm2 s−1. To match the Hα flux from the core measured by Fransson et al.
(2013) (see Figure 8 therein) at ∼ 1.4 × 10−14 erg cm2 s−1 on day 9000, the
estimated SHα would have to undergo 7.4 magnitudes of extinction. Such extinc-
tion is possible but improbable. We note that the above SHα also exceeds the
Hα emission by the reverse shock, measured at ∼ 2.0× 10−13 erg cm2 s−1 on day
9000, and associated with a density 250 � N+ � 750 cm−3 (Fransson et al., 2013).

As regards the magnitude of the flux from the Br-γ line, the model estimate
by Kjær et al. (2010) on day 6840 is a factor of ∼ 10−2 smaller than the SHα

derived from Eq. 4.5.7, while this is mainly associated with emission from the hot
spots in the ER.

In the absence of external X-ray heating, both the heating and ionisation
would be powered by radioactive decays in the core. The resultant flux, esti-
mated via models as in Kozma & Fransson (1998), would be several orders of
magnitude smaller than the lower limit for Sνff .
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Another possible source of ionising emission is a pulsar wind nebula (PWN) in
the SNR interior. The properties of any PWN are very uncertain (see § 4.7), but
there is the expectation that line emission would accompany free-free emission
also in this case.

4.5.2 Flat-spectrum synchrotron emission

A flat spectral index could also be attributed to a second synchrotron component.
As shown in Figure 4.8, within 102 ≤ ν ≤ 672 GHz, a synchrotron component
with spectral index αp = −0.231 fits the residuals (Sν − S44fit) at 102 and 213
GHz. Synchrotron emission with −0.4 � α � −0.1 fits the spectrum in the
radio/FIR transition and could originate from a compact source near the cen-
tre of the SNR. In the case of a central pulsar, the synchrotron emission would
be generated by the shocked magnetised particle wind (Gaensler & Slane, 2006).
The scenario of a synchrotron-emitting PWN in the inner SNR is explored in § 4.7.

4.5.3 Dust emission

If the excess emission is due to an additional synchrotron component, Sν(αp) ∝
ν−0.2, this would provide a constraint to the net dust emission, Sνd , in ALMA
data. The subtraction Sν − S44fit − Sν(αp), where Sνp = S0p(ν/ν0)

αp with S0p =
3.5 ± 3.1 mJy as from Table 4.2, leads to S213d ∼ 0.7 mJy, S345d ∼ 4.9 mJy and
S672d ∼ 45.0 mJy (black triangles in Figure 4.8). We note that S672d coincides
with the integrated flux density of the central feature of the related image, which
extends over the inner ejecta as seen with HST (see Figure 4.4). The net dust
can be fitted via the Planck curve of thermal emission, as

Sνd(β, T ) =
Mdust

d2
κν Bν(T ) ∝ ν β Bν(T ), (4.5.8)

where Mdust is the dust mass, κν = 3Qν/4ρ aν is the dust mass absorption co-
efficient, with Qν the absorption efficiency for spherical grains of density ρ and
radius aν , 1 � β � 2 for insterstellar dust (e.g. Cortese et al., 2014 and references
therein), and Bν(T ) is the Planck curve of thermal emission expressed as

Bν(T ) =
2hν3

c2

�
exp

�
hν

kT

�
− 1

�−1

. (4.5.9)

As shown in Figure 4.8, the best fit of both ALMA fluxes, as reported in this
paper, and Herschel fluxes, as from Matsuura et al. (2011), yields β = 1.23 and
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dust temperature T = 22.2 K. The thermal peak of the SED has been previously
fitted (Lakićević et al., 2011; Lakićević, Zanardo et al., 2012a; Lakićević et al.,
2012b; Matsuura et al., 2011) with temperatures estimated between 17 and 26
K, while Indebetouw et al. (2014) fit amorphous carbon dust at T = 26± 3 K.

The sum of the main synchrotron component, Sν ∝ ν−0.73, and the emission
component from dust grains at T ∼ 22 K is lower than the measured ALMA flux
densities at 213 and 345 GHz (see dashed gray fit in Figure 4.8). To match the
emission excess of ∼ 3 mJy in this frequency range, we could also postulate a
second dust component. This would require very cold dust at T � 5 K, i.e. at
temperatures where the assumption of either amorphous carbon or silicates leads
to dust masses implausibly large for physically realistic grains. In particular, as
from Eq. 4.5.8, at 345 GHz a flux density of ∼ 3 mJy would require dust at T ∼ 3
K with Mdust ∼ 50M⊙, as obtained by using kν ∼ 2.5 cm2 g−1 for amorphous
carbon (Zubko et al., 1996, 2004). We note that warmer dust at T ∼ 180 K has
been identified by Dwek et al. (2010) in the ER, where the dust grains are likely
collisionally heated by the expanding radiative shocks (Bouchet et al., 2006).

4.6 Spectral index variations
The spectral index distribution across the remnant is investigated via multi-
frequency spectral index maps and the T–T plot method (Costain, 1960; Turtle
et al., 1962).

Spectral index maps are derived from images at 44, 94, 102, 213 and 345
GHz. In Figure 4.9, the maps resulting from the combination of images at two,
three, four and five frequencies are shown. All images are reduced with identical
procedure and restored with a circular beam of 0.��8. ATCA data at 44 and 94
GHz are scaled to day 9280, via exponential fitting parameters derived for ATCA
flux densities from day 8000, as measured at 8.6 and 9 GHz (Zanardo et al., in
preparation). While the two-frequency maps are derived from direct division of
the flux densities, the maps derived from 3, 4 and 5 frequencies are more accurate,
as the solution minimises the function

εpq =

n�

k=1

�����S
pq

νk
(α

pq

M)− S
pq

ν0

�
νk
ν0

�α
pq

M

�����

2

(4.6.10)

at each pixel of coordinates (p, q), for images at νk frequencies, with n ≥ 3.
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Figure 4.9: (Caption on page 132.)
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Figure 4.9: In colour scale are maps of the spectral index distribution in SNR 1987A, as
derived from images at 44, 94, 102, 213, and 345 GHz. The source images are reduced with
identical procedure and restored with a circular beam of 0.��8. To match the average epoch of
ALMA observations, ATCA data at 44 and 94 GHz are scaled to day 9280, via exponential
fitting parameters derived for ATCA flux densities from day 8000, as measured at 8.6 and 9
GHz (Zanardo et al., in preparation). The spectral maps are derived from flux densities at 2,
3, 4, and 5 frequencies, and labelled as 2f, 3f, 4f, and 5f, respectively (top right corner). The
frequencies used in each map are indicated, in GHz, on the top left corner. Image regions below
the highest rms noise level are masked. The upper limit of the spectral index colour scale is
set to α = 0.25, therefore map regions with spectral indices greater than 0.25 appear in white.
In grey scale are maps of the error associated with α in the power-law fit, Sν ∼ να, used for
spectral maps of flux densities at 3, 4, and 5 different frequencies, and labelled as 3f, 4f, and
5f, respectively. To emphasise the error distribution, while using a linear gradient of the grey
colour scale, map regions with errors greater that 0.01 appear in black. In the top right map,
the contours of the 44 GHz image, resolved with a 0.��25 circular beam, are shown at the 15%
and 60% emission levels (in blue). The red cross indicates the VLBI position of SN 1987A as
determined by Reynolds et al. (1995) [RA 05h 35m 27.s968, Dec −69◦ 16� 11.��09 (J2000)].

In Figure 4.9, it can be seen that the spectral indices overall become flatter
as the frequencies reach the FIR. For all maps, the spectral index, αM , varies
between −1.25 and 0.25, while in the 5−frequency map the index range narrows
to −0.96 ≤ αM ≤ 0.18. In most of the multi-frequency maps, αM is steeper
on the eastern half of the SNR, while flat spectral indices surround the centre,
where the bulk of dust sits (see § 4.3), and extend onto the NW and SW regions
of the remnant. With reference to the 5−frequency map, −0.9 � αM � −0.6
on the eastern lobe and −0.4 � αM � 0 on the western side of the SNR, with
αM ∼ 0 around the central region and −0.4 � αM � −0.3 predominantly in the
NW quadrant (PA ∼ 150◦) and in the SW quadrant (PA ∼ 30◦).

The T–T plot method is applied to two images at different frequencies, each
obtained with identical reduction process and with the same angular resolution.
The spectral variations are assessed over image regions not smaller than the beam
size, where the spectral index, αTT , is determined from the flux density slope m,
where S2 = mS1 + q. The regions used for the T–T plots are shown in Fig-
ures 4.10 and 4.11. Six frequency pairs are considered: 44−102 GHz, 102−213
GHz, 213−345 GHz; and 44−94 GHz, 44−213 GHz and 44−345 GHz. Different
box sizes are used to suit the controlling beam of each frequency pair (see Fig-
ure 4.11). All derived αTT values are listed in Table 4.4.

Similarly to the trend of αM , αTT values become flatter at higher frequencies
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Figure 4.10: Four-frequency (44–94–213–345 GHz) spectral index intensity map with
an angular resolution of 0.��8, where ATCA data at 44 and 94 GHz are scaled to day
9280. The map is superimposed with the contours of the 44 GHz image, resolved with
a 0.��25 circular beam, at the 15% and 60% emission levels (in blue). The regions used
to derive the spectral indices αTT , via T–T plots, are indicated by grey/white squares.
The red cross indicates the VLBI position of SN 1987A as determined by Reynolds et
al. (1995). The αTT values associated with each box are given in Table 4.4.
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Figure 4.12: T-T plot of the whole SNR, where flux densities (S1 vs S2) are plotted instead of
brightness temperatures. Four frequency pairs are included: 44–94 GHz (green hollow squares);
44–102 GHz (solid black squares); 102–213 GHz (solid blue squares); 213–314 GHz (solid red
squares). Data points for the 44–94 GHz frequency pair are not fitted. The given spectral
indices are derived from different linear interpolations: least-square fit from vertical squared
errors, αy (blue); orthogonal distance regression, αODR (green); robust fitting from the square
root of absolute residuals, αAbs (magenta); linear regression with forced zero interception (S1 =
0, S2 = 0), α(0,0) (red).
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(see Figure 4.12). From 102 to 213 GHz, αTT ≈ −0.1 across the whole remnant
(see Figure 4.11), while from 213 to 345 GHz the spectral distribution appears
markedly split in two larger regions (see also the two-frequency map in Figure 4.9),
with very flat indices on the western half of the SNR and steep indices on the east-
ern side. For the frequency pairs 102–213 and 213–345 GHz, the T-T plots for the
eastern region (see E in Table 4.4) give ∆αTT = α(102, 213)−α(213, 345) = 1.0±0.07.
This could be indication of a local spectral break at 213 GHz. Using νc = 213 GHz
in Eq. 4.4.4, for B = 20 mG, τe ∼ 35 yr. However, given the high Mach number
(M ∼ 104) of the eastbound shocks (Zanardo et al., 2013), likely sub-diffusive
particle transport (Kirk et al., 1996) by the shock front and, consequently, local
magnetic-field amplifications (Bell, 2004), it is possible that the CR in the eastern
lobe, radiating at νc, are already past their synchrotron lifetime.

Flat spectral indices in the western lobe extend north and south at both
213–345 GHz and 44–213 GHz (see Figure 4.11), while T-T plots from higher
resolution images show a narrower north-south alignment of the flat regions (see
N1, C1 and W2 in Figure 4.11 and Table 4.4), with −0.5 � αTT � −0.3. The
T-T plots for 44–94 GHz and 44–345 GHz also yield the steepest spectral indices
in region W1, this might be due to the local emission drop in the NW sector of
the ER, visible in the images at 94 and 345 GHz at PA ∼ 300◦.

As discussed in § 4.5, the flat-spectrum western regions could be linked to a
PWN. We note that spectral maps of the Crab Nebula via observations centred
at 150 GHz (Arendt et al., 2011) have identified spectral indices around −0.2 in
the inner central regions of the PWN, while spectral indices ∼ −0.3 have been
associated with the PWN periphery.

4.7 PWN constraints
As discussed in § 4.3.1, the emission at 102 and 213 GHz in the I44− subtracted
images appears to peak west of the SN site (Reynolds et al., 1995) (Figures 4.1,
4.2), and to mainly extend west of the optical ejecta (see Figure 4.5). Besides,
both the spectral maps and T–T plots (Figures 4.9, 4.10) show that flat spectral
indices can be associated with the centre-west regions of the SNR (see § 4.6).
These results could be explained by a possible PWN, powered by a pulsar likely
located at a westward offset from the SN position.
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The pulsar-kick mechanism has been linked to asymmetries in the core col-
lapse or in the subsequent supernova explosion, presumably due to asymmetric
mass ejection and/or asymmetric neutrino emission (Nordhaus et al., 2012; Pod-
siadlowski, 2005; Wongwathanarat et al., 2013). As evidence for the natal kick,
neutron star (NS) mean three-dimensional (3D) speeds have been estimated at
vNS ∼ 400±40 km s−1 (Hobbs et al., 2005), while a transverse velocity of ∼ 1083
km s−1 has been detected by Chatterjee et al. (2005), which would imply a 3D NS
birth velocity as high as 1120 km s−1 (Chatterjee et al., 2005). In the context of
SNR 1987A, by day 9280 the NS could have travelled westwards of the SN site by
∼ 20− 80 mas, while for an impulsive kick of the same order as vNS a distance of
∼ 42± 5 mas would have been covered. With a western offset of ∼ 0.��05, the NS
would be situated inside the beam of the I44−subtracted images associated with
the peak flux density, both at 102 and 213 GHz. If we take into account the ∼60
mas uncertainty intrinsic to image alignment (see § 4.2), as well as the error of 30
mas in each coordinate of the SN VLBI position (Reynolds et al., 1995), the NS
could be located near the emission peak as seen in the I44−subtracted images at
102 and 213 GHz. We note that the inner feature of fainter emission detected in
the SNR at 44 GHz, as aligned with VLBI observations of the remnant (Zanardo
et al., 2013), is centred ∼ 60 mas west of the SN site.

If a pulsar is embedded in the unshocked ejecta, the PWN would be in its early
stages of evolution, likely surrounded by uniformly expanding gas (Chevalier &
Fransson, 1992). Diffuse synchrotron emission from the PWN would be due to the
relativistic particles, produced by the pulsar, accelerated at the wind termination
shock (Kirk et al., 2009).

Assuming a power-law energy distribution of electrons, i.e. the particle density
Ne is expressed as Ne(E) ∝ KE−s, where s = 1 − 2α and K ∝ (mec2)s−1, the
synchrotron emission of the PWN can be written as

SνP ∝ KB
1
2(s+ 1)
PWN

ν
1
2(1− s)

(4.7.11)

where BPWN is the nebular magnetic field strength. Noting that, in radio obser-
vations, the energy in electrons cannot be separated from that in the magnetic
field (Reynolds et al., 2012), the equipartition magnetic-field strength could be
derived as (e.g. Longair, 2011; see revised formula by Arburtina et al., 2012; Beck
& Krause, 2005)

BPWN ≈
�
G0 G (K + 1)

Sν

fd θ3
PWN

ν
(1−s)

2

� 2
(5+s)

(4.7.12)

where G0 is a constant, G = G(ν, s) is the product of different functions varying
with the minimum and maximum frequencies associated with the spectral com-
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ponent and the synchrotron spectral index (Beck & Krause, 2005; Longair, 2011),
K is the ion/electron energy ratio, f is the volume filling factor of radio emission,
and θPWN = RPWN/d is the angular radius. Considering 0.��05 � RPWN � 0.��15,
−0.4 ≤ α ≤ −0.1 (as from § 4.5), 102 ≤ ν ≤ 672 GHz, Sν ≈ 3 mJy, and taking
K ≈ 100 (Beck & Krause, 2005) while f ≈ 0.5, Eq. 4.7.12 leads to 1 � BPWN � 7
mG. For 0.2 � f � 0.9, 2 � BPWN � 5 mG. Since the equipartition is a conjecture
for young SNRs and no longer valid when the spectral index is flatter than −0.5,
these BPWN estimates might be inaccurate.

The energy inside the PWN, due to the PWN magnetic field, can be simplified
as

EPWN,B(t) ∼ VPWN(t)
B2

PWN

8π
, (4.7.13)

where the magnetic field is considered uniform and isotropic inside the PWN
volume, VPWN(t) = 4/3 πR3

PWN
(t). For 0.��05 � RPWN � 0.��15, and, as for the pa-

rameters used in Eq. 4.7.12, 1 � BPWN � 7 mG, at t = t25 = 8.0× 108 s (≈ 9280
days), we estimate 0.9× 1043 � EPWN,B � 1.2× 1046 erg. According to models by
Chevalier & Fransson (1992), about 30% of the total energy input into the PWN,
EPWN , goes to the internal magnetic pressure in the PWN, while most of the re-
maining pulsar spin-down energy would drive the PWN expansion into the ejecta.

In terms of integrated radio luminosity, calculated as

Lrad(ν) = 4πd 2

� νmax

νmin

Sν(ν) dν, (4.7.14)

if νmin = 102 GHz and νmax = 672 GHz bracket the frequency range in which the
PWN is detected, Sν ≈ 3 mJy leads to Lrad ≈ 5.4 × 1033 erg s−1. The derived
Lrad is comparable with the limit of Lopt ≤ 5 × 1033 erg s−1 given by Graves
et al. (2005) for a compact source in the optical band from 290 to 965 nm at
t = 6110 days. A similar limit has been placed on the 2–10 keV X-ray luminosity,
LX ≤ 5.5×1033 erg s−1, using Chandra images (Park et al., 2004). Since these Lν

estimates are upper limits and free-free emission may be a substantial component
of the radio luminosity (see § 4.5.1), we can take Lrad ≈ 1033 erg s−1 as a realistic
upper limit.

In the free-expansion regime (Chevalier & Fransson, 1992), ∼ 1% of the pul-
sar power is emitted by the shock wave in the supernova and additional emission
from the pulsar nebula is expected. Given this, we can set Ėspin ≈ 1035 erg s−1

as an upper limit for the spin-down power of the pulsar. For a typical pulsar
surface dipole magnetic field Bs ∼ 1012 G (Manchester et al., 2005b), this spin-
down luminosity corresponds to a pulsar period P ∼ 0.15 s and characteristic age
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τc = P/(2Ṗ ) ∼ 105 years. Lower luminosities would imply lower dipole magnetic
fields and/or longer pulsar periods. Such parameter ranges are plausible for the
putative pulsar at the centre of SN 1987A, as there is good evidence that many
pulsars are born with a spin period not much different to their present period
(Gotthelf et al., 2013; Popov & Turolla, 2012).

Following Chevalier (1977), the velocity at the outer edge of the nebula can
be defined as

vPWN =
6

5

�
125

132

Ėspin t

πρej t3

�1
5

, (4.7.15)

assuming the PWN is freely expanding and has constant density ρej. At t = t25,
setting 10−18 � ρej � 10−19 g cm−3 in the central region of the SNR, as from
the density model by Blinnikov et al. (2000) (see Figure 21 in Fransson et al.,
2013), the swept-up shell velocity becomes 260 � vPWN � 410 km s−1, which
leads to RPWN not greater than 0.��05. Since this is well below the resolution of
the ATCA and ALMA images presented here, the emission from a possible PWN
would appear as a point source.

As mentioned in § 4.5, a pulsar embedded in the SNR interior would emit
ionising radiation within the inner layers of the ejecta. While an X-ray pulsar
has yet to be detected (Helder et al., 2013), illumination of the inner ejecta by
X-ray flux has been reported by Larsson et al. (2011) though attributed to the
reverse and reflected shocks, as well as to shocks propagating into the ER.

Given the early stages of a possible PWN, the ionised ejecta would be mainly
due to the radiation from the various shocks. If the HII region is assumed to
be spherical (see § 4.5), the related dispersion measure (DM) can be derived as
DM(MHII, RHII) ≈ 3MHII/(mp 4πR2

HII). Neglecting clumping in the ejecta, for
0.1M⊙ � MHII � 2.5M⊙ and 0.01 � RHII � 0.10 pc (i.e. 0.��05 � RHII � 0.��42),
the resulting DM is shown in Figure 4.13.

4.8 Conclusions
We have presented a comprehensive morphological and spectral analysis of SNR
1987A based on both ATCA and ALMA data (Cycle 0), from 1.4 to 672 GHz.
We have investigated the components of the SNR emission across the transition
from radio to FIR, as the combination of non-thermal and thermal emission. A
summary of our findings is as follows:
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Figure 4.13: Dispersion measure (DM) associated with a possible pulsar in SNR 1987A,
assuming an ionised fraction of the ejecta 0.1M⊙ � MHII � 2.5M⊙, uniformly distributed
within a spherical region with radius 0.01 � RHII � 0.10 pc (i.e. 0.��05 � RHII � 0.��42). The
colour scheme changes from white to black for increasing DM values, which range from 100
to 6000 cm−3 pc, as indicated by the contour labels. The contour at DM =1000 cm−3 pc is
highlighted in magenta.
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1. To decouple the non-thermal emission from that originating from dust, the
synchrotron component, as resolved with ATCA at 44 GHz, and the dust
component, as imaged with ALMA at 672 GHz, were subtracted from the
datasets at 94, 102, 213, 345 and 672 GHz. The images derived from the
subtraction of the scaled model flux density at 672 GHz, highlight the ring-
like synchrotron emission that originates over the ER. The images similarly
obtained from the subtraction of the 44 GHz model, show residual emission
mainly localised west of the SN site.

2. An analysis of the emission distribution over the ER, in images from 44
to 345 GHz, highlights a gradual decrease of the east-to-west asymmetry
ratio with frequency. We attribute this to the shorter synchrotron lifetime
at high frequencies. We estimate that, at frequencies higher than 213 GHz,
the electrons might be unable to cross the eastern emission region.

3. Across the transition from radio to FIR, the SED suggests additional emis-
sion components beside the synchrotron component (Sν ∝ ν−0.73) and the
thermal emission originating from dust grains at T ∼ 22 K. We argue that
this excess emission could be due to a second flat-spectrum synchrotron
component with −0.4 � α � −0.1. This could imply the presence of a
PWN originating from an embedded pulsar.

4. Spectral index measurements across the SNR, from 44 to 345 GHz, show
predominantly flat spectral indices, −0.4 � α � −0.1, in the western half of
the remnant at frequencies above 102 GHz, while α ∼ 0 around the central
region. From 102 to 213 GHz, −0.1 � α � 0 across the whole remnant.
From 213 to 345 GHz, the steepening of the spectral indices over the eastern
lobe might be indication of a local spectral break.

5. Results from both the morphological and spectral analysis might suggest the
presence of a PWN in the SNR interior, powered by a pulsar likely located
at a westward offset from the SN position. In this scenario, a NS embedded
in the unshocked ejecta might be emitting diffuse synchrotron emission
SνP ∼ 3 mJy above 102 GHz. The possible PWN would have magnetic
field strength 1 � BPWN � 7 mG. The upper limit of the integrated radio
luminosity is derived as Lrad ∼ 5.4× 1033 erg s−1, which leads to an upper
limit of the pulsar spin-down power Ėspin ≈ 1035 erg s−1. While effects such
as luminosity, beaming, scattering and absorption might have prevented
the detection of pulsed emission in the SNR for over 20 years (Manchester,
1988, 2007), a renewed pulsar search with the Parkes telescope is currently
in progress. Future observations with ALMA, ATCA and VLBI are needed
to probe the SNR for a possible PWN.





5 Conclusions

5.1 Summary of findings

In this thesis we have presented the results of radio observations of the remnant
of SN 1987A, over a time frame of ∼5 years, i.e. from 2007 to the end of 2012.
The observations include flux monitoring from 843 MHz to 8.6 GHz, and imaging
observations from 9 to 672 GHz (see Figure 5.1). To optimise the data reduction
process, different techniques of synthesis imaging, such as self-calibration, super-
resolution and the maximum entropy method have been used to improve the S/N
levels and, thus, the resultant images. Multi-frequency data analysis has been
carried out for the determination of spatially resolved spectral indices and the
extraction of other spatial information, such as asymmetry and local expansion
velocities. The conclusions from this work are discussed in detail in the previous
chapters (and corresponding publications). Here, we discuss the combined results.

As we have shown in Chapter 2, the interaction of the SN shock with the ER
has resulted in an exponential increase of the radio emission, at least since day
∼5000. Since the spectral index has become flatter over time, the exponential
increase of the radio light curve is likely a consequence of the increased efficiency
of the acceleration mechanism that generates synchrotron radiation at the shock
front. From the high-resolution spectral maps presented in Chapter 3, it appears
that a higher injection efficiency can be associated with the eastern regions of
the SNR. Therefore, the brighter emission on the eastern lobe may be the re-
sult of a smaller fraction of injected particles than on the western sites. In such
conditions, the expected acceleration mechanism would be sub-DSA (Kirk et al.,
1996). If a more efficient particle acceleration is coupled with stronger eastbound
shocks, the magnetic-field on the eastern lobe may become locally amplified (Bell
2004; Bell & Lucek 2001). Local magnetic field amplification is compatible with
significant synchrotron loss at higher frequencies, which can explain the decrease
of the asymmetry ratio of the emission in the transition from radio to FIR (see
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Chapter 4).

The remnant asymmetry has been confirmed in all observations from radio
to sub-mm. The east-west asymmetry ratio is 1.4 − 1.5 at 18 and 44 GHz (see
Chapter 3) and it shows a gradual decrease in images from 44 to 345 GHz, where
there are hints of a reversed trend (Chapter 4). As the synchrotron lifetime be-
comes shorter at higher frequencies, there would be regions in the eastern side of
the remnant where electrons might be unable to cross the emission sites within
their radiative life-time. In this scenario, the synchrotron emission would require
the presence of relatively fresh injected and/or re-accelerated electrons to match
the emission distribution at lower frequencies. We estimate that, at frequencies
higher than 213 GHz, the electrons might be unable to cross the emission region
on the eastern lobe.

There is a strong correspondence between major features of the radio emission
in images at high resolution, i.e. at 18, 44 and 345 GHz, and the arrangement of
the hot spots visible in the Hα emission. However, the direction of the east-west
asymmetry of the X-ray and radio emission, is opposite to that of the Hα emis-
sion. Besides, the asymmetry of the radio remnant emerges not only in terms
of brightness distribution but also in terms of remnant expansion. The com-
parison between imaging data at 18 and 44 GHz at different epochs shows that
the expansion velocity of the western lobe is 1900 ± 400 km s−1, while that of
the eastern lobe is 6100 ± 200 km s−1. While these values are affected by some
uncertainty in identifying the location of the remnant with respect to the VLBI
coordinates of the SN site, the expansion velocity of the eastern lobe is signifi-
cantly larger than on the western one. These results support the hypothesis that
the remnant asymmetric morphology might be due to an asymmetric explosion
(Chevalier & Soker, 1989), rather than to an asymmetric distribution of the CSM.

In the search for a compact remnant, the study of the inner regions of the SNR
has taken centre stage in this thesis. We have undertaken all ALMA observations
that led to the discovery of a significant amount of dust in the SNR interior (In-
debetouw et al. 2014; Kamenetzky et al. 2013), which is now estimated up to
∼ 0.8M⊙ in light of the latest Herschel data (Matsuura et al., 2014). Such an
amount of dust, which likely increases with time (Wesson et al., 2014), complicates
further the detection of the PWN expected to be expanding into the inner ejecta.
The high-resolution image at 44 GHz shows faint emission near the SN site, which
can be superimposed to a region of flatter spectral indices (−0.5 � α � −0.3)
at 18−44 GHz (Chapter 3). The presence of a PWN has been also investigated
at higher frequencies where, while the dust emission becomes more prominent,
the emission from a central Hii region of 0.7M⊙ � MHii � 2.5M⊙ would become
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Figure 5.1: Summary of radio images of the remnant of SN 1987A at day 9280. The image
related frequency is indicated on the top right corner, in GHz. Images below 100 GHz are
derived from ATCA observations, images above 100 GHz are from ALMA data. All images
have been super-resolved with a circular beam (lower left corner). The bottom right image is
the spectral index map obtained by combining images at five frequencies, i.e. 44, 94, 102, 213,
and 345 GHz.

nearly transparent. The spectral analysis from 44 to 345 GHz yields flat spectral
indices in the central and western regions of the SNR. After separate subtraction
of the dust and synchrotron components, the emission residual of ∼ 3 mJy, from
102 to 672 GHz, points to possible particle flux injection by a pulsar. Given the
morphology of the residual images, the pulsar may be situated ∼ 50 mas west
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from the SN site. Such location matches the centre of the inner feature detected
at 44 GHz, and would imply a natal kick of ∼ 400 km s−1. A pulsar-kick mecha-
nism can be linked to asymmetries in the core collapse and in the subsequent SN
explosion (Podsiadlowski, 2005), which would be consistent with the morpholog-
ical and dynamic asymmetries observed in the SNR. The magnetic field strength
estimated for the PWN is 1 � BPWN � 7 mG, and the estimated integrated radio
luminosity is Lrad ≈ 1033 erg s−1. The Lrad limit leads to an estimate of possible
pulsar period of ∼ 150 s. For such pulsar, in the absence of holes in the ejecta,
the dispersion measure is likely higher than 1000 cm−3 pc.

5.2 Future outlook
As the remnant of SN 1987A continues to brighten, the morphology of the emis-
sion is changing rapidly, and a number of telescopes have now ongoing observing
programmes to monitor the evolutionary stages of the SNR.

The details of the SNR evolution are important to understand the magnetic
field evolution and amplification by the shock front, particle acceleration mecha-
nisms, CR production and streaming. While not discussed in this thesis, the data
presented in Ng, Zanardo et al. (2013) and Appendix C, show that the SNR has
recently entered a new stage, at least since day ∼ 8000 − 8500. The new phase
is associated with a slower rate of the exponential increase of the radio emission,
likely due to the fact that the forward shock has fully engulfed the entire ER
and is interacting with the densest part of the CSM (Ng, Zanardo et al. 2013;
Staveley-Smith et al. 2014). A similar break has already been seen in the X-ray
(Park et al., 2011), practically identified at around the same epochs as in the
radio (Helder et al., 2013). The faster eastbound shocks might soon propagate
past the ER and the ionising radiation will then start interacting with the exter-
nal CSM, which, as captured by the SN light echoes, is also expected to have a
peculiar density structure.

In the inner regions of the SNR, the reverse and the reflected shocks have fur-
ther moved inwards and have been illuminating the inner ejecta (Larsson et al.,
2011), which, in turn, is becoming less dense while propagating outwards (Lars-
son et al., 2013). Although observations with ALMA and Herschel (Matsuura et
al., 2014) are showing that there might be even more dust in the SNR interior
than previously estimated (Indebetouw et al. 2014; Matsuura et al. 2011), we
have presented here an effective technique for separating the dust emission from
the synchrotron components.
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VLBI observations have been carried out on a yearly basis since 2010 (see Ap-
pendix B), and the resultant images will have the critical resolution to detect the
compact remnant. VLBI observations will also provide polarisation data, while
full intrinsic polarisation will be available for the upcoming Cycle 2 observations
with ALMA. Radio polarimetry is planned for the ATCA observations at 9 GHz
as well as for the new observations at 44 GHz, which have been undertaken every
six months since the end of 2011. As noted in Chapter 3, up to the end of 2011
no significant emission has been detected in Stokes Q, U , and V images at 44
GHz. On the other hand, since different methods and different data have shown
flat-spectrum regions inside the ER, there is a significant chance that the PWN
has become detectable. As regards pulsar searches, new observations have been
carried out in 2013 with Parkes (see Appendix E), and a comprehensive data
reduction is planned in the upcoming months.

The remnant of SN 1987A is a unique laboratory where theories can be tested
on the progenitor star, its environment, Type II supernova explosions, and the
formation of compact objects from core collapse; ongoing and future observations
will continue to lead to discoveries in stellar evolution.





A Advanced Imaging Techniques

A.1 Basics of radio interferometry
The raw output of a radio interferometer is a cross-power spectrum, V = V(u, v),
referred to as visibility, which is a function of the spatial frequency (u, v). The
spatial frequency corresponds to the projected baseline normalised with the ob-
serving wavelength (i.e. u ≡ U/λ and v ≡ V/λ, where U and V are the physical
lengths of the projected baseline). Visibilities can be expressed as

V(u, v) =
��

A(x, y)B(x, y) e−2πi(ux+vy) dx dy, (A.1.1)

where A is the normalised antenna reception pattern, and B is the specific inten-
sity of the sky or brightness. Therefore, an interferometer observation evaluates
the Fourier transform of the source brightness distribution, for a particular value
of the spatial frequency. Interferometric images are brightness maps of radio
sources, which are obtained via the inverse Fourier transform of the observed
visibilities, i.e.

I(x, y) =
��

V(u, v) e2πi(ux+vy) du dv

= F−1 {V(u, v)} .
(A.1.2)

As for the definition of Fourier transform, the integration of V over u and v should
be conducted over an infinite range [−∞,∞]. However, since the antennas are
spaced and no visibilities can be sampled beyond the baseline lengths, the u− v
coverage provided by a radio interferometer is always incomplete and can be
irregular. A limited u − v coverage makes equation A.1.2 an ‘underdetermined’
problem. Such a problem is usually solved by filling the unsampled visibilities
with zeroes (or zero-padding), a process that yields the Fourier transform with a
finite beam size as well as side lobes. The standard diffraction limit corresponds
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to the full-width at half maximum (FWHM) of the main beam, and becomes the
limited angular resolution of the image, simply given as θ ≈ λ/D, where D is
the diameter of the telescope or the longest baseline of the radio interferometer.
More in detail, with limited u− v sampling,

S(u, v) =
M�

k=1

δ(u− uk, v − vk), (A.1.3)

where δ is the Dirac function, the dirty beam is defined as

S(x, y) = F−1 {S(u, v)} , (A.1.4)

and the dirty image, I(x, y)D, is derived via the Discrete Fourier transform as

I(x, y)D =

��
S(u, v)V(u, v) e2πi(ux+ vy) du dv

= F−1 {S(u, v)V(u, v)}
= S(x, y)⊗ I(x, y)

=
1

M

M�

k=1

V(uk, vk) e
2πi(uk x+ vk y).

(A.1.5)

The side-lobe levels can be reduced by using a weighting function instead of equal
weights for all the sampled data. In general terms, a weighting function, W(u, v),
modifies the dirty beam as

S(x, y) = F−1 {W(u, v)× S(u, v)} . (A.1.6)

With natural weighting, W(u, v) = 1/σ2, where σ = σ(u, v) and σ2 is the noise
variance of the u− v sample. Thus, to maximise point source sensitivity, higher
weight is given to the short baselines, while the side lobes are reduced with a
degradation of the angular resolution of the synthesised image. On the oppo-
site end, with uniform weighting, W(u, v) is inversely proportional to the local
density of the u− v sample. In this case, more weight is given to the long base-
lines and, therefore, higher angular resolution is achieved. However, the point
source sensitivity is degraded and the weighting function becomes ineffective with
sparse sampling. A more efficient variant of uniform weighting is robust weighting
(Briggs, 1995), which relies on an adjustable parameter that allows for continu-
ous variation between the highest angular resolution and the optimal point source
sensitivity. The baseline weights can also be modified by using a taper function,
such as a Gaussian, W(u, v) = exp {−(u2 + v2)/t2}, where t is the tapering pa-
rameter. By convolving the image plane with a Gaussian, the side-lobe level can
be reduced significantly as more weight is given to the short baselines. While
this can result in improved sensitivity to extended sources, the image resolution
is always lower than that associated with the dirty beam.
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A.2 Super-resolution

Beside the image reconstruction approaches via a standard Fourier transform
with zero-padding, there are methods which solve Eq. A.1.2 via the selection of
a model that best fits the observed visibilities. As mentioned in A.1, it is noted
that a limited sample of visibilities does not necessarily exclude the solutions
with angular resolution higher than the standard beam size. To obtain the most-
optimised solution of Eq. A.1.2, one needs to introduce additional constraints.

The Maximum Entropy Method (MEM; Gull & Skilling, 1983) is the algo-
rithm of choice to select the solution that yields an image with higher resolu-
tion or super -resolution. MEM is a deconvolution algorithm which minimises a
‘smoothness’ function, so-defined entropy, in an image. One definition of image
entropy, normalised to the flux in the image, is

H1 = −
�

k

ln
�

Ik
Mk

�
, (A.2.7)

where Mk is a "default image" and Ik is the smoothed image (Cornwell et al.,
1999). The default image is an initial estimate of the deconvolved image, which
may help convergence, such as the output model from a previous run of MEM or
another deconvolution task (e.g. CLEAN; Högbom, 1974). The smoothed image
is a positive image with a compressed range in pixel values. As from Cornwell et
al. (1999), Eq. A.2.7 is maximised under the constraint that the fit, χ2, of the
predicted visibility, �V(uk, vk), to that observed, be close to the expected value:

χ2 =
�

k

���V(uk, vk)− �V(uk, vk)
���

σ2
V(uk,vk)

. (A.2.8)

When the signal-to-noise ratio (S/N) is sufficiently high, MEM selects the
optimised solution that can provide a resolution higher than that allowed by the
standard imaging process (Cornwell & Evans, 1985). However, since the degree
of super-resolution is S/N-dependent, the resolution of the resultant model varies
across the map. The varying resolution can be fixed by convolving the final image
derived via MEM with a Gaussian beam of appropriate width (Cornwell et al.,
1999). Given the algorithm constraints, which require a high number of itera-
tions, the super-resolved features generated via MEM are physically meaningful
and mostly reliable (Briggs, 1995). For images with more than a million pixels,
MEM is faster than the CLEAN algorithm (Cornwell et al., 1999).
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A.2.1 Super-resolution of SNR 1987A

Super-resolution was carried out on all ATCA images of SNR 1987A, which have
dynamic range > 100 (see Tables 3.2 and 4.2), and on the ALMA images (Table
4.2) with exception of the data at 672 GHz, due to the low dynamic range. The
dynamic range of an image is generally defined as the power ratio between the
strongest and the weakest emission regions in the map. Given the low flux levels
of SNR 1987A, this is a good indication of the quality of the data.

The MIRIAD task maxen was used to implement MEM, with convergence
achieved with a number of iterations ranging from ∼ 40 to 2000, depending on
the datasets. The MEM models were checked against those derived via CLEAN

(MIRIAD task clean), while the physical plausibility of the super-resolved fea-
tures can be tested by adding simulated noise. The resultant images were also
checked for consistency using different cell sizes (0.��008 − 0.��010), and different
numbers of iterations. Extensive tests on the MEM super-resolved maps of SNR
1987A have been detailed by Briggs (1994, 1995) (also see Staveley-Smith et al.,
1993), and have been carried out by Gaensler et al. (1997) and Ng et al. (2008),
with image resolution effectively increased from 0.��9 to 0.��4 at 9 GHz.

For observations at 44 GHz (see Chapter 3), given the already excellent u− v
coverage and high S/N, the actual super-resolution is marginal and only applied
to obtain a circular restoring beam.

A.3 Continuum subtraction in the Fourier space
A visibility dataset can be modified by combining or replacing it with a model.
The model is a deconvolved map, so that its Fourier transform is first computed
before application to the visibilities.

To avoid error amplification due to the non-linearity of the deconvolution, con-
tinuum subtraction is more robust if carried out in the u−v plane, i.e. the model
visibilities, �V(uk, vk), are subtracted from the observed visibilities, V(uk, vk), be-
fore mapping. While the model has to be correctly calibrated before the trans-
formation to the u − v plane, the subtraction does not alter the u − v coverage
of the observed visibilities.

A.3.1 Subtraction of SNR 1987A datasets

Subtraction of the ring and inner emission components of the remnant was carried
out by using the MIRIAD task uvmodel (Cornwell et al., 1992; Sault, 1994). The
task uvmodel can subtract datasets with different resolution, since the model is
sampled with the same u− v coverage of the observed visibilities.
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This technique is used in Chapter 3 to subtract the 9 GHz model developed via
ring-fitting in the Fourier space (Ng et al., 2008) from the observations at 44 GHz
(see Figure 3.7). Further, as described in Chapter 4, the detailed analysis of the
remnant emission components in the sub-mm range is examined by subtraction
of the MEM model of observations at 44 GHz.

If there are no significant calibration errors, uncertainties in the subtraction
procedure are mostly dependent on the quality of the model. It is noted that,
given the excellent observing conditions (see Chapter 3), the 44 GHz MEM model
is the most accurate model of the continuum radio emission of SNR 1987A at
near-contemporaneous epochs.





B VLBI Observations

B.1 VLBI Detection
Since the SN shock front has been increasingly interacting with the dense CSM
in the ER at least since day 5000 (see Chapter 2), the radio remnant of SN 1987A
has become bright enough to be observed at low frequencies with very high res-
olution via VLBI.

The first VLBI detection of the SNR with the Australian Long Baseline Ar-
ray (LBA) was made in 2007 October 7 by Tingay et al. (2009) at 1.4 GHz. A
detailed analysis of the 2007 observations was carried out by Ng et al. (2011),
as they also presented the results of successful observations at 1.7 GHz in 2008
November 26. In 2007, 4 ATCA antennas were used together with the Parkes
and Mopra telescopes. The data were recorded with four dual-polarisation 16
MHz bands (circularly polarised), centered at 1.382 GHz (Tingay et al., 2009).
In 2008, 5 ATCA antennas were used (i.e. the full tied array), the Parkes and Mo-
pra telescopes, as well as the NASA 70-m wide antenna in Tidbinbilla (DSS43).
The observations were centred at 1.666 GHz. Details of the antennas/telescopes
used for each VLBI session are given in Table B.1, while the antenna/telescope
locations for each experiment are shown in Figure B.1.

The images derived from the 2007−2008 VLBI sessions, with FWHM resolu-
tion of 0.��17×0.��08 and 0.��12×0.��05, respectively (Ng et al., 2011), show a two-lobe
morphology with small-scale structures, which are likely due to the shock wave
interacting with discrete clumps near the inner surface of the SN shell. The total
cleaned flux densities in the 2007 and 2008 images are 120 and 50 mJy, respec-
tively (Ng et al., 2011), which are much lower than the ATCA flux densities at
1.4 GHz, 350 and 410 mJy, as measured by Zanardo et al. (2010) at the same
epochs (see Table 2.1).
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Table B.1: VLBI Observations − Antenna parameters

Session Frequency ATCAa Parkesa Mopraa DSS43b Ceduna Hobart ASKAP
(GHz) (N × 22m) (64m) (22m) (70m) (30m) (26m) (N × 12m)

2007(c) 1.4 4 � � − − − −
2008(d) 1.7 5 � � � − − −
2010(e) 1.4 4 � � − − � −
2011(e) 1.4 5 � � − − � −
2012(e) 1.4 5 � � − � � 1
2013(e) 1.7 5 � − � � � 1

aPart of ATNF, managed by CSIRO.
bPart of the Canberra Deep Space Network in Tidbinbilla, managed by
NASA.
cSee Tingay et al. (2009).
dSee Ng et al. (2011).
e#V389; PI: Zanardo.

Figure B.1: Configuration of antennas used for VLBI observations performed in 2007 (blue
square), 2008 (purple square), 2010 and 2011 (red square), 2012 and 2013 (green square).
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Figure B.2: Image of the remnant of SN 1987A obtained from VLBI observations performed
in 2010. The restoring beam is 61× 95 mas. The rms noise is 0.25 mJy beam−1.

B.2 2010 Observations
A 4-yr campaign of VLBI observations of the SNR started in 2010 (#V389; PI:
Zanardo), with observing sessions planned once a year at 1.4−1.7 GHz, depend-
ing on the available antennas. All VLBI observations have been performed with
dual-polarisation, two intermediate frequencies and a total bandwidth of 64 MHz,
divided in four sub-bands, for all antennas except for DSS43, where only left cir-
cular polarisation is available. The 2010 observations were carried out on July
22 at 1.4 GHz (see Table B.1) via a 10-hour integration time. Antenna/telescope
configuration details are given in Table B.1 and Figure B.1. A nearby calibrator
PKS 0530-727 was observed every 10 minutes for phase-referencing purposes.
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Figure B.3: VLBI image of the remnant of SN 1987A at 1.4 GHz taken in July
2010 overlaid with the contours of the VLBI images at 1.4 GHz (top) and at 1.7
GHz (bottom), taken in 2007 (Tingay et al., 2009) and in 2008 (Ng et al., 2011),
respectively.
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Figure B.4: Contours of the VLBI image of the remnant of SN 1987A at 1.4 GHz
taken in July 2010 overlaid over the VLBI images at 1.4 GHz (top) and at 1.7 GHz
(bottom), taken in 2007 (Tingay et al., 2009) and in 2008 (Ng et al., 2011), respectively.
The restoring beam is shown on the bottom left corner.
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Figure 3: VLBI image as derived from observations in 2010 (Zanardo et al., in preparation) overlaid with the contours of the
image derived at 44 GHz in 2011 (Zanardo et al., 2012), which has a resolution of 349× 225 mas, but a high dynamic range.

Figure 4: Overlay of the VLBI image of SN 1987A at 1.4 GHz with the 44 GHz image (left) derived from 2011 observations
(Zanardo et al., 2012) and the recent HST image (right) derived from observation performed in 20111.

vation, to be repeated at approximately annual intervals, in order to study changes in the expansion rate, deceleration
and spectral index as the shock front interacts with the CSM. For such observations we request “continuing” status.

4 References
Ball, L. et al. 2001, ApJ, 549, 599
Berezhko, E. G., & Ksenofontov, L. T. 2006, ApJ, 650, L59
Gaensler, B. M. et al. 1997, ApJ, 479, 845
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Figure B.5: Contours of the 2010 VLBI image of SN 1987A at 1.4 GHz are overlaid
on the 44 GHz image (top) derived from 2011 observations (see Chapter 3; Zanardo
et al. 2013) and the HST image (bottom) derived from observation performed in 2011
(Larsson et al., 2011).
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B.3 Analysis and morphology
All data were reduced with the AIPS 2 package. To improve the S/N, both phase
and amplitude self-calibration was carried out. The resulting Stokes−I image of
the remnant, with restoring beam of FWHM 61× 95 mas, has a total integrated
flux density of 51± 2 mJy and is shown in Figure B.2. The resultant flux density
is ∼ 10% of the 488 mJy derived from ATCA monitoring observations at 1.4 GHz
on day 8525 (see Appendix C). As noted by Ng et al. (2011), with a minimum
LBA baseline of ∼ 300 kλ, the VLBI observations are insensitive to features larger
than ∼ 0.��7.

The 2010 image is compared with the VLBI images obtained from 2007 and
2008 observations in Figures B.3 and B.4. Similar to the 2008 image, the 2010
VLBI image shows small-scale structures in the remnant. The emission structure
appears more extended on the eastern lobe than what seen in 2008. The emission
features on the eastern side of the remnant seem to have expanded further east,
especially in the NE region (see Figure B.4). The peak flux density of 2.1 mJy
beam−1 is measured in the NE region, and is associated with a site that matches
the brightest eastern region visible at 44 GHz (see Figure B.5). In the comparison
with the 2011 HST image (Larsson et al., 2011) it can be seen that the VLBI
observations capture the emission from the SN shell over the densest sites of the
ER (Figure B.5).

Similarly to the 2007 − 2008 VLBI observations (Ng et al., 2011), the 2010
VLBI image shows no obvious point source at the remnant centre. The 2008
VLBI image gives a 3σ upper limit of 0.3 mJy on the flux density of any possible
central object (Ng et al., 2011), such as a radio pulsar or PWN at 1.7 GHz. We
note that synchrotron emission from the remnant’s centre has to be sufficiently
bright and compact to be detected via VLBI, while the free-free emission from
an inner Hii region would likely be opaque at the VLBI frequencies.

2 http://www.aips.nrao.edu/

http://www.aips.nrao.edu/




C Monitoring After 8000 Days

C.1 Flux density monitoring after day 8000
After the ATCA upgrade with the Compact Array Broadband Backend (CABB;
Wilson et al. 2011), monitoring observations of the remnant of SN 1987A were
resumed in June 2009 (day 8222). The radio light curves at 1.4, 2.4, 4.8 and 8.6
GHz, updated with observations up to September 2012, are shown in Figure C.1,
while the related spectral indices are shown in Figure C.2. The new data show
a break around day ∼8000, i.e. where the flux increase rate appears to have
decreased. After day ∼8000 the data can be fitted via both a linear and an expo-
nential function. For comparison with the exponential fits that match the data up
to day 8014 (see Chapter 2), we have fitted the new data with exponential curves.
The fits derived for flux densities measured from day 7991 are given in Table C.1.

Table C.1: Flux density exponential fitting parameters from Day 7991.

ν S0New
∆New

(a) ∆Old/∆New
(b)

(GHz) (mJy) (day)
8.6–9(c) 120.9± 4.9 4677± 220 0.485± 0.026

4.8 171.5± 13.5 3002± 155 0.740± 0.087
2.4 292.3± 17.2 5134± 116 0.472± 0.012
1.4 429.0± 22.10 6343± 278 0.417± 0.019

aS(t)New = S0New
exp( t−t0

∆
New

), with t0 = 7991 days; ∆
New

is the e-folding time for flux
densities measured after t0.
bAs from Chapter 2, ∆

Old
averaged for the flux densities up to day 8014, as measured

at frequencies from 843 MHz to 9 GHz, is ∼ 2408± 227 days.
cFlux densities at 8.6 GHz are combined with flux densities at 9 GHz, as listed in
Ng, Zanardo et al. (2013).
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Fig. 3.— (a) Model flux density. Systmatic uncertainties of 5% are added to the 1σ statistical
uncertainties. The exponential fit reported by Zanardo et al. (2010) is shown by the solid
line. (b) Best-fit torus radius (black), semi-major (red) and semi-minor (green) axes of the
ring model compared with the X-ray SNR radius (blue) (Helder et al. 2013). Systematic
uncertainties of 0.��01 are added to the 1σ statistical uncertainties. The solid lines indicate
the best-fit expansion. (c) Best-fit torus half-opening angle (black) compared with the aspect
ratio of the ring model (red). (d) Asymmetry obtained from the torus (black) and ring (red)
models.
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the best-fit expansion. (c) Best-fit torus half-opening angle (black) compared with the aspect
ratio of the ring model (red). (d) Asymmetry obtained from the torus (black) and ring (red)
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Figure 2: Left −Flux densities for SNR 1987A. Plots include data from observations at 1.4, 2.4, 4.8, and 8.6 GHz from August
1990 to June 2012 and are stacked with an offset of 0.1 mJy (Zanardo et al. 2010; Zanardo et al. 2013, in preparation). The red
dashed lines are the exponential fits of data from November 2000 to February 2009, as derived by Zanardo et al. (2010). The blue
dashed lines are 1500-day fits of data from February 2009. The colour bands are included to highlight different rates of the flux
density increase. Top Right − Remnant radius resultant from images at 9 GHz, from August 1992 to March 2013, as derived by Ng
et al. (2013, in preparation) via fitting the SNR with a torus (black) and an elliptical ring (red: semi-major axis; green: semi-minor
axis). The radius of the radio remnant is compared with that derived from X-ray images (blue, from Helder et al. 2013). The
solid lines indicate the best-fit expansion. Bottom Right − Evolution of the remnant asymmetry at 9 GHz as derived from the torus
(black) and ring (red) models (Ng et al. 2013, in preparation).
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Figure C.1: Flux densities for SNR 1987A. Plots include data from observations at 1.4, 2.4,
4.8, and 8.6 GHz from August 1990 to September 2012 and are stacked with an offset of 1 dex.
The red dashed lines are the exponential fits of data from November 2000 to February 2009,
as derived by Zanardo et al. (2010) (see Table 2.2). The blue dashed lines are 1000-day fits of
data from February 2009, as given in Table C.1.
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Figure C.2: Spectral indices as a function of time obtained from linear fits of ATCA observa-
tions at 1.4, 2.4, 4.8, and 8.6 GHz (full blue circles). The spectral indices are fitted via robust
fitting from the square root of absolute residuals. The red line is the fit up day 8014 as from
Zanardo et al. (2010). The dashed black line is the fit of all data, calculated from day 2300.
The magenta dashed line is the fit calculated from day 7932.

Based on the exponential fits, the new data lead to an average e−folding
time ∆New ∼5053 d, which is about twice that derived for the previous ∼ 3000
days (see Table 2.2; Zanardo et al. 2010). From our 3-cm radio measurements,
a break at similar epochs has also appeared in the rate of the SNR expansion
(see Figure C.3; Ng, Zanardo et al. 2013), the opening angle associated with the
truncated shell model used to fit the 9 GHz images, and the related asymmetry
ratio (see Ng, Zanardo et al. 2013). It is noted that, in the X-ray, a sudden break
at around day 8200 has also been identified in the light curve derived for 0.79−2.1
keV Chandra HETG data (Helder et al., 2013). However, Helder et al. (2013)
attribute this to instrument miscalibration. On the other hand, since the evolu-
tion of different parameters associated with the radio remnant shows a change
of direction between day 7000 and 8000, the break in the radio light curve likely
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Figure 1: Left − Flux densities for SNR 1987A. Plots in-
clude data from observations at 1.4, 2.4, 4.8, and 8.6 GHz
from August 1990 to September 2011 and are stacked with
an offset of 0.1 mJy (Zanardo et al., 2010; in preparation).
The red dashed lines are the exponential fits of data from
November 2000 to February 2009, as derived by Zanardo
et al. (2010). The blue dashed lines are 1000-day fits of
data from February 2009, which are included to highlight re-
cent hints of decrease of the flux density increase rate. For
comparison, in the insert is shown the recent soft X-ray light
curve (0.79 − 2.1 keV) as derived by Helder et al. (2012),
with related fits. Top − Remnant radius derived by Ng et al.
(2008; in preparation) from the super-resolved images of the
remnant at 9 GHz, from August 1992 to September 2012.

of the expansion velocity between day ∼8200 and ∼8400. As with the monitoring observations, upcoming 9 GHz
observations will be crucial to establish the nature of these changes. At higher frequencies, successful observations at
18, 44 (Zanardo et al., 2012) and 94 GHz (as part of project C2495; Lakićević, Zanardo et al., 2012) have provided
further details of the characteristics of the emission from the ring and from the interior of the remnant, as well as on
the spatial distribution of the spectral index. In particular, as shown in Figure 2, a central feature of fainter emission
has emerged at 44 GHz, which appears to extend over the SN site, and to overlap with the western side of the ejecta
as seen by HST1. While the origin of this emission is unclear, this feature corresponds to a region of flatter spectral
indices in the 18 − 44 GHz spectral map, which could indicate the presence of a compact source or a pulsar wind
nebula. Future high-resolution observations at higher frequencies with ATCA, together with observations with the
Atacama Large sub-Millimeter Array (ALMA), are critical to further investigate the nature of this emission. We note
that the ATCA high-frequency and high-resolution images are also being used in combination with ALMA data to
decouple the residual synchrotron radiation from the dust emission component recently discovered in the mm and
sub-mm wavelengths (Matzsuura et al., 2011; Kamenetzky et al., 2013). As regards the comparison of the 44 GHz
image with contemporaneous X-ray and Hα observations, the direction of the east-west asymmetry of the X-ray and
radio emission, which is opposite to that of the Hα emission, supports the hypothesis that the remnant asymmetric
morphology might be due to an asymmetric explosion, rather than to an asymmetric distribution of the CSM (Zanardo
et al., 2012).

1STScI-2011-21, NASA, ESA, & Challis P. (Harvard–Smithsonian Center for Astrophysics).
http://hubblesite.org/newscenter/archive/releases/2011/21/image/

2

Figure C.3: Remnant radius derived by Ng et al. (2008) and Ng, Zanardo et al. (2013) from
the super-resolved images of the remnant at 9 GHz fitted with a truncated-shell torus (Ng,
Zanardo et al., 2013), from August 1992 to September 2012. This figure is adapted from Ng,
Zanardo et al. (2013).

identifies a new phase of the SN-CSM interaction. As discussed in Ng, Zanardo
et al. (2013), the faster eastbound shocks (see Chapter 3) have possibly overtaken
the ER densest regions; this would reduce the radio emission from the eastern
rim and, thus, impact the overall brightness asymmetry.



D ALMA & ATCA Supplementary
Material

D.1 ALMA & ATCA Spectral Analysis: T−T
plots

With reference to Chapter 4, we present here the T−T plots for each region of
the SNR, as indicated in Figure 4.10 and 4.11. The models used to fit the flux
densities in the T−T plots are defined in § D.2. In particular, the spectral indices
for each T−T region are derived from different linear interpolations: least-square
fit from vertical squared errors (y); robust fitting from the square root of absolute
residuals (Abs); orthogonal distance regression (ODR); and linear regression with
a forced zero intercept. All spectral indices derived from the T−T plots are listed
in Table 4.4. Since the size of the T−T boxes adopted for each frequency pair is
controlled by the dataset with the lower angular resolution, the u − v coverage
for each band of ALMA Cycle 0 observations is shown in Figures D.5−D.8.

D.2 Fitting models

Linear regression (y)

Given the model y = ax+ b, the best fit parameters are derived via the standard
least-squares method, that minimises the vertical residuals, i.e.:

χ2([a, b], x) =
N−1�

i=0

�
yi − a− bxi

σi

�2

. (D.2.1)
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Robust fit (Abs)

The robust fitting is less sensitive to outliers since the solution minimises the
absolute value of the residuals, i.e.:

E =
N−1�

i=0

|yi − a− bxi|. (D.2.2)

Orthogonal distance regression (ODR)

Given a model function f(x), where a data point (x̂, ŷ) = (x̂, f(x̂)) on this curve
has the shortest distance to another data point (xi, yi), the distance between these
points is:

Di(x̂) =
�

(xi − x̂)2 + (yi − f(x̂))2, (D.2.3)
if weights in x̂, ŷ are considered, D.2.3 is written as

Di(x̂) =
�

wxi(xi − x̂)2 + wyi(yi − f(x̂))2. (D.2.4)

Following Orear (1982), x̂ can be expressed as a function of known variables
xi and yi

f(x̂) = f(xi) + (x̂− xi)f
�(xi). (D.2.5)

After inserting D.2.5 in D.2.4, ∂D
∂x̂ = 0 yields the condition for the minimum

∂D

∂x̂
=

∂

∂x̂

�
wxi(xi − x̂)2 + wyi(yi − [f(xi) + (x̂− xi)f �(xi)])

2 = 0. (D.2.6)

Re-arranging the terms in D.2.6, one derives:

− 2wx(xi − x̂)− 2wy (yi − [f(xi)− (xi − x̂)f �(xi)]) f
�(xi) = 0, (D.2.7)

i.e.:

(xi − x̂) =
−wy

�
yi − f(xi)

�
f �(xi)

wx + wyf �2(xi)
. (D.2.8)

If D.2.8 is substituted in D.2.4, then the objective function can be defined as

D2
i (x̂) ≈

wxiwyi

wxi + wyif �2(xi)
(yi − f(xi))

2 (D.2.9)

Using statistical weighting with weights wxi = 1/σxi
2 and wyi = 1/σyi

2, D.2.9
becomes

χ2 =
N−1�

i=0

D2
i =

�
yi − f(xi)

�2

σ2
yi + σ2

xif
�2(xi)

. (D.2.10)
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Figure D.1: (Caption on page 167.)
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Figure D.2: (Caption on the following page.)
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Figure D.1: (44–102 & 102–213 GHz) S1 − S2 (flux density vs flux density, T−T ) plots for
regions E, W and C, as indicated in Figure 4.10, at two frequency pairs: 44-102 GHz (black
squares) and 102–213 GHz (blue squares). To match the average epoch of ALMA observations,
ATCA data were scaled to day 9280. To match the u− v coverage of the 102 GHz observations
(B3), the visibilities from baselines greater than 100 kλ were filtered out in the 44 and 213 GHz
dataset, i.e. all images have been resolved with the beam associated with the diffraction-limited
image at 102 GHz (see Table 4.2 and Figure 4.10). The given spectral indices are derived from
different linear interpolations: least-square fit from vertical squared errors, αy (blue); orthogonal
distance regression, αODR (green); robust fitting from the square root of absolute residuals, αAbs

(magenta); linear regression with a forced zero intercept (S1 = 0, S2 = 0), α(0,0) (red). The
αTT values associated with each box are given in Table 4.4.

Figure D.2: (44–213 & 213–345 GHz) S1 − S2 (flux density vs flux density, T−T ) plots
for regions E, W, C, N and S, as indicated in Figure 4.10, at two frequency pairs: 44-213
GHz (black squares) and 213–345 GHz (blue squares). To match the average epoch of ALMA
observations, ATCA data were scaled to day 9280. To match the u − v coverage of the 213
GHz observations (B6), the visibilities from baselines greater than 150 kλ were filtered out in
the 44 and 345 GHz datasets, i.e. all images have been resolved with the beam associated
with the diffraction-limited image at 213 GHz (see Table 4.2 and Figure 4.10). The given
spectral indices are derived from different linear interpolations: least-square fit from vertical
squared errors, αv (blue); orthogonal distance regression, αODR (green); robust fitting from the
square root of absolute residuals, αAbs (magenta); linear regression with a forced zero intercept
(S1 = 0, S2 = 0), α(0,0) (red). The αTT values associated with each box are given in Table 4.4.
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Figure D.3: (Caption on page 170.)
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Figure D.4: (Caption on the following page.)
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Figure D.3: (44–94 & 44–345 GHz) S1−S2 (flux density vs flux density, T−T ) plots for regions
E0, E1, E2, N1 and N2, as indicated in Figure 4.10, at two frequency pairs: 44-94 GHz (black
squares) and 44–345 GHz (blue squares). To match the average epoch of ALMA observations,
ATCA data were scaled to day 9280. For the 44–94 GHz pair, to match the u− v coverage of
the 94 GHz observations, the visibilities from baselines greater than 250 kλ were filtered out
in the 44 GHz dataset. For the 44–345 GHz pair, since both images have coverage up to 400
kλ, the 44 GHz was image was resolved with the beam associated with the diffraction-limited
image at 345 GHz (see Table 4.2 and Figure 4.10). The given spectral indices are derived
from different linear interpolations: least-square fit from vertical squared errors, αy (blue);
orthogonal distance regression, αODR (green); robust fitting from the square root of absolute
residuals, αAbs (magenta); linear regression with a forced zero intercept (S1 = 0, S2 = 0), α(0,0)

(red). The αTT values associated with each box are given in Table 4.4.

Figure D.4: (44–94 & 44–345 GHz) S1−S2 (flux density vs flux density, T−T ) plots for regions
W0, W1, W2, C1 and S1, as indicated in Figure 4.10 at two frequency pairs: 44-94 GHz black
squares and 44–345 GHz (blue squares). To match the average epoch of ALMA observations,
ATCA data were scaled to day 9280. For the 44–94 GHz pair, to match the u − v coverage
of the 94 GHz observations, the visibilities from baselines greater than 250 kλ were filtered
out in the 44 GHz dataset. For the 44–345 GHz pair, since both images have coverage up to
400 kλ, the 44 GHz image was resolved with the beam associated with the diffraction-limited
image at 345 GHz (see Table 4.2 and Figure 4.10). The given spectral indices are derived
from different linear interpolations: least-square fit from vertical squared errors, αy (blue);
orthogonal distance regression, αODR (green); robust fitting from the square root of absolute
residuals, αAbs (magenta); linear regression with a forced zero intercept (S1 = 0, S2 = 0), α(0,0)

(red). The αTT values associated with each box are given in Table 4.4.
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E Pulsar Search

E.1 Pulsar search with the Parkes Telescope
Early searches using the Parkes 64-m radio telescope at frequencies between 400
and 5000 MHz were reported by Manchester (1988), quoting an upper limit ∼0.2
mJy at 1.5 GHz. Observations have been made every 1− 2 years since then
with similar parameters and upper limits. A more extensive search was carried
out at Parkes in 2006 December 19−23 using three different receivers and dif-
ferent filterbank systems. No significant detections were made at any frequency
(Manchester, 2007).

E.2 2013 Observations
Recent radio observations of the SNR have shown residual emission of 2− 3 mJy
in the central regions at 44 GHz and higher frequencies (see Chapter 3), which
have led to an estimated 1000 � DM � 6000 cm−3 pc for an ionised fraction of
the ejecta 0.1M⊙ � MHII � 2.5M⊙ (see §§ 3.7 and 4.7, and Figure 4.13).

In light of this, observing time for a pulsar search in the remnant of SN 1987A
was allocated with the Parkes telescope (#P834; PI: Staveley-Smith) on 2013 May
24 (Day 1) and 25 (Day 2), and on October 6−7 (Day 3 and 4). On Day 1, the
search was carried out using the 10/50cm receiver, centred at 730 and 3000 MHz;
on Day 2, the H−OH receiver, which is operating at a central frequency of 1518
MHz, was used. On both sessions, 6.7 hours were scheduled on the source, with
scans of 1200 s. Preliminary processing of 228 samples for each session on Days
1 and 2 has been performed using the pulsar search package PRESTO 7. The
results of this analysis are shown in Figure E.1. From the limited amount of
data processed, it can be seen that there are several good candidates with period

7 http://www.cv.nrao.edu/~sransom/presto/
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Figure E.1: Plot of the DM vs period of the highest-significance pulsar candidates found
during the observations carried on 2013 May 24−25. The colour of each point represents the
significance of each detection, with 4.5σ ≤(S/N)≤ 7.5σ, while the symbol size represents the
spectral S/N.

30 � P � 300 ms, however, there is no convincing detection.

On Day 3 and Day 4, both the 10/50cm and the MB20 multi-beam receivers
were used. In each session, 8.7 hours were scheduled on the source. Processing
of these data is in progress.
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