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Radio all the way 

A.4. CRYOSTAT 111

Figure A.3: The ALMA array with eight 12-m antennas (left), and an antenna being transported to the AOS

(right).

A.4 Cryostat

The ALMA frontend consists of a large closed-cycle 4 K cryostat containing individual cold cartridge assemblies

(CCA) with mixers and LO injection for each band, along with roomtemperature electronics for the IF and

LO for each band (the warm cartridge assembly, WCA) and fore-optics and entrance windows for each band.

The water vapor radiometer (WVR) is mounted to one side of the cryostat using a pickoff mirror to direct the

antenna beam into the WVR. The Amplitude Calibration Device (ACD) is mounted above the frontend, and is

described in Section A.5. Figure A.4 and A.5 show overviews of the frontend unit, with the cylindrical cryostat

on top and the roomtemperature electronics beneath.

All of the receiver cartridges are in the same cryostat, with the mixers thermally-coupled to the same 3-

stage Sumitomo cryocooler (Figure A.6). The three stages have nominal temperatures of 4 K, 15 K and 110

K. To avoid overloading the cooler, only three bands can be switched on at a time. It takes about 1 minute to

switch between any of the bands that are switched on at a given time. For bands that are off, the time to fully

thermally-stabilize them from an off state is 15 minutes – this is mainly to ensure a flat bandpass shape. All

of the receivers are mounted off-axis in order to avoid extra rotating band-selection mirrors, which necessitates

a pointing offset of the antenna to change band. The band pointing offsets are known and well-measured; the

reference band for pointing is Band 6, and all offsets are with respect to this band. The four higher-frequency

bands (Bands 7-10) are mounted close to the central boresight to minimize aberrations.
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•  Emission re-emerges in the mid-1990 Turtle+ 1990  

Day 4  Day 10,000  Day ~1200 

Pic by Ettore Carretti 

What are we observing? 
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•  Emission re-emerges in the 
mid-1990s 

Potter+ 2014  

Day 4  Day 10,000  Day ~1200 

What are we observing? 22 CHAPTER 1. INTRODUCTION22 CHAPTER 1. INTRODUCTION
The Astrophysical Journal, 794:174 (26pp), 2014 October 20 Potter et al.

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 ′,φ′, z′) centered on the
progenitor. If the environment were not inclined, the positive z′

axis would point to Earth and the angle φ 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

The Astrophysical Journal, 794:174 (26pp), 2014 October 20 Potter et al.

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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! !

(1) the unshocked ejecta in the center;  
(2) the ejecta shocked by the reverse shock;  
(3) the CSM at the inner edge of the equatorial ring shocked by the reverse shock;  
(4) the CSM at the outer edge of the equatorial ring shocked by the forward shock;  
(5) the CSM within the inner ring radius which, after being shocked by the forward 
shock, have been shocked also by the reflected shock. !
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Potter+ 2014  

Remnant evolution 
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Evolution of the radio remnant 

Potter+ 2014  
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Evolution of the radio remnant 

Potter+ 2014  
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Evolution of the radio remnant 

Potter+ 2014  
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Evolution – Light Curve 
Radio Supernova 1987A 17

Figure 2. Radio observations at 1.4 GHz have been conducted with ATCA at intervals of 4-6
weeks since the remnant was re-detected around day 1200. Its evolution is divided into three
phases: (a) a linear phase up to day 3000; (b) an exponential phase to day 8000 (light shading);
and (c) a slower exponential phase from day 8000 (darker blue shading). The red dotted line is
the fit of Zanardo et al. (2010).

As a result of early optical and radio observations, and studies of the light echoes of
the explosion itself (Crotts, Kunkel & McCarthy 1989), a detailed picture of the environ-
ment around the supernova has been constructed. The main features of the circumstellar
environment are illustrated in Fig. 1. The well-known equatorial ring, which defines the
waist of an hourglass feature, is perpendicular to the plane of the paper. The northern-
most edge of the ring is closest to Earth. Within the hourglass, there are (pre-supernova)
regions which signify both freely expanding wind and shocked wind. It is at the interface
of the two where it is believed that the first radio emission was generated (Chevalier &
Dwarkadas 1995).

3. Evolution
After re-emergence of the radio remnant at day 1200, the flux density was seen to in-

crease linearly with time until day 4500, when small departures were evident (Manchester
et al. 2002). In datasets from day 3000 to 8000, a better description is an exponential
increase (Zanardo et al. 2010), perhaps reflecting the exponential nature of the particle
acceleration process and/or the increasing area of the expanding shock front. Observa-
tional data from the ATCA at 1.4 GHz is shown in Fig. 2. Similar exponential evolution
was seen in the X-rays, though the detailed temporal behaviour has been quite different

Staveley-Smith+ 2014 
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Evolution 

164 APPENDIX C. MONITORING AFTER 8000 DAYS
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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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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.

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.

+,-./01*2,*&34'
5-,6'+%&#)%1#&7'



18!46!46!CAASTRO SN – G. Zanardo -  August 2014!IAUS331 – Giovanna Zanardo!

Evolution – Global spectral index C.1. FLUX DENSITY MONITORING AFTER DAY 8000 165

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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!from Brian Reville’s 
presentation 

Non-linear diffusive shock acceleration
� CR production requires ∼ 10% efficiency
� non-linear feedback on flow important

∂

∂t
(ρu) +∇(ρu2 + Pth + Pcr ) = 0

r =
(γ + 1)

(γ − 1) + 2M−2
s
≈ γ + 1

γ − 1
for Ms � 1

Particle acceleration at collisionless shocks -

Diffusive shock acceleration

Krymsky 1977, Axford et al. 1977, Bell 1978, Blandford &

Ostriker 1978

� this is essentially the case at

shock waves

� scattering centres are always

converging

� scattering waves self-generated

� particles get a small kick in

energy on each crossing

�∆p�
p

=
4

3

u1 − u2

v

� particle must cross many times to

accelerate to high energies

Particle acceleration by the shock front 
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9 GHz Observations 

The Astrophysical Journal, 777:131 (10pp), 2013 November 10 Ng et al.

Figure 4. (a) Model flux densities at 9 GHz. Systematic uncertainties of 5% (Zanardo et al. 2013) are combined with the statistical uncertainties at a 68% confidence
level. The solid line is the exponential fit from Zanardo et al. (2010). (b) Best-fit radius of the torus model and semi-major (R1) and semi-minor (R2) axes of the ring
model, compared with the X-ray radius reported by Helder et al. (2013). Systematic uncertainties of 0.′′005 are combined with the statistical uncertainties at 68%
confidence level. The solid lines are the best-fit expansion rates in Table 4. (c) Best-fit torus half-opening angle θ compared with the ratio R2/R1 of the ring model.
(d) Best-fit asymmetry in the surface brightness.
(A color version of this figure is available in the online journal.)

Table 4
Expansion of the Radio Remnant of SN 1987A Since Day 4200, with Uncertainties at a 68% Confidence Level

Model Transition Day v1 v2
(km s−1) (km s−1)

Torus 7000+200
−100 4600+150

−200 2400+100
−200

Ring semi-major axisa . . . 3890 ± 50 . . .

Ring semi-minor axis 7000 ± 300 3300 ± 200 1750+150
−300

Ring semi-major axis (aspect ratio fixed)b 7600 ± 200 3940 ± 70 2900 ± 100
Ring semi-minor axis (aspect ratio fixed)b 7600 ± 200 2710 ± 50 2000+60

−70

Notes.
a A simple linear expansion is preferred over a broken linear fit.
b Expansion of the semi-major and semi-minor axes are linked as the ring’s aspect ratio is fixed during the fit.

radius because of projection and the finite spatial resolution of
the telescope. Hence, a 3D shell model would require a larger
radius compared to a simple thin ring model. Our torus model
varies between a shell and a ring depending on θ (see Figure 2).
The projection effect is minimum at θ = 0, where the torus

reduces to a 2D ring, and increases with θ . Given that the best-
fit θ is significantly greater than zero, the above discrepancy is
not unexpected. Alternatively, the radio-emitting region could
have a larger radius at higher latitudes than at the equatorial
plane because the SN shock travels at a larger velocity in the

8

Geometry 

Ng+ 2008 

Ng+ 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)
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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
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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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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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A new phase from Day ~7000-7500 
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Figure S1 | Stokes I images of SNR 1987A at 44 GHz. Diffraction-limited Stokes I continuum image of SNR 1987A at 44 GHz from ATCA observations in January 2015
(left) and combined epochs from October 2015 to May 2016 (right). red[or show 22 and 44 GHz resultant images/comtemp.?]

9

47 GHz 

0.19” 

Oct 2015 



27!

!
!
!
!
! !

Figure S1 | Stokes I images of SNR 1987A at 44 GHz. Diffraction-limited Stokes I continuum image of SNR 1987A at 44 GHz from ATCA observations in January 2015
(left) and combined epochs from October 2015 to May 2016 (right). red[or show 22 and 44 GHz resultant images/comtemp.?]
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Remnant expansion from images at 18 GHz on day 6003 (Manchester et al. 2005) and day 8738 and at 36 GHz on day 7815 (Potter et al.
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VLBI observations 

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.
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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.
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ATCA + ALMA:    Emission components 

Figure 1: Stokes-I continuum images of SNR 1987A with ATCA and ALMA, from 9 GHz to 672 GHz. The image epochs are

between 2011 and 2012. ATCA images are from Ng et al. (2013; 9 GHz), Zanardo et al. (2013; 18 and 44 GHz), Lakićević et

al. (2012; 94 GHz). ALMA images are from Cycle 0 observations (Indebetouw et al. 2014; Zanardo et al. 2014, in prep). The

images are all super-resolved with the circular beam reported in the the lower left corner. The frequency corresponding to each

image is indicated in the top right corner, in white and red font, for ATCA and ALMA images, respectively. The bottom right

image is the spectral index map obtained from images at 44, 94, 108, 213 and 345 GHz, resolved with a 0.��8 circular beam; the

image is overlaid with contours (in blue) of the 15% and 60% emission levels at 44 GHz (Zanardo et al. 2014, in prep).

To avoid confusion with the nearby 30 Doradus, a 1.5 km array, or more extended, is requested, and the observa-

tions need to extend over at least 8 hrs in time. It is therefore possible to cycle over several frequencies – previous

observations have cycled between the L/S and C/X bands. For consistency and calibration accuracy, we prefer to stick

with these bands. In addition to these monitoring observations, we also propose a full 6-km synthesis image at 9 and

44 GHz. As above, past observations at these frequencies have been important in delivering the highest-ever resolution

radio observations of SN1987A (Zanardo et al. 2013), have allowed extensive analysis of changing shock velocity

and remnant geometry (Ng et al. 2013), have facilitated detailed modelling of the electron acceleration processes

(Staveley-Smith et al. 2013; Potter et al. 2014, in preparation) and comparison with new ALMA data (Kamanetzky

et al. 2013, Indebetouw et al. 2014). We request “continuing” status.
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et al. 2013), the ratio A90 between the eastern and west-

ern peaks of the radial slice at PA 90
◦
(see dark green

profile in Figure 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 6) and the diffraction-limited images,

are plotted in Figure 7 and listed in Table 3.

From Figure 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 7, the linear fits derived for

both Ap and Ai ratios show a consistent decrease as fre-

quencies 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 (Lars-

son et al. 2011), where the western side of the ring

is markedly brighter. As discussed § 3, the morphology

similarities between the optical image of the SNR and

the super-resolved image at 345 GHz are evident (see

Figure 4).

The change of the remnant’s east-west asymmetry over

time has been discussed by Ng et al. (2013), as the

result of a progressive flattening of the shock structure

in the equatorial plane, due to the shock becoming en-

gulfed in the dense UV-optical knots in the ER, coupled

with faster shocks in the east side of the remnant. While

X-ray observations do not show significant difference be-
tween the NE and SW reverse shock velocities, although

the NE sector is brighter (Fransson et al. 2013), faster

eastbound outer shocks have been measured in the radio

(Zanardo et al. 2013) and point to an asymmetric ex-

plosion 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 syn-

chrotron lifetime at higher frequencies. To estimate the

synchrotron lifetime in the FIR range, we use the ap-

proximation 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 (Rybicki & Lightman 1979).

Considering the electrons orbit is inclined at a pitch angle

θ to the magnetic field, the synchrotron lifetime, τe, can
be derived as a function of νc (e.g. Condon 1992)

τe ≡
E

|dE/dt| ∼ 1.06× 10
9
(B sinθ)−3/2ν−1/2

c , (1)

where τe is expressed in years, B in µG and ν in GHz.

As the electrons are expected to have an isotropic distri-

bution 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 & Kseno-

fontov 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 mag-

Figure 7. Asymmetry ratios of Stokes I images of SNR 1987A
from 44 to 345 GHz. With reference to Table 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 1), from the images
restored with a 0.��7 circular beam (circles) (see Figure 6); and
from images obtained after the subtraction of the dust emission
component (stars) (see Figure 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.

nitude (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.

5. SPECTRAL ENERGY DISTRIBUTION

The spectral energy distribution for ATCA data from

1.4 to 94 GHz and ALMA data is shown in Figure 8. To

match the average epoch of the ALMA data, the ATCA

data are scaled to day 9280, via exponential fitting pa-

rameters 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 § 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

 
Asymmetry ratio decreases  
at higher frequencies. 
 
We attribute this to the 
shorter synchrotron lifetime 
at high frequencies. 
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Figure 8. Spectral energy distribution (SED) of SNR 1987A from radio to FIR, with data from: ATCA at 1.4 GHz (G. Zanardo et al., in preparation), 9 GHz (Ng et al.
2013), 18 and 44 GHz (Zanardo et al. 2013), and 94 GHz (Lakićević et al. 2012b); 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. 2012a); 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). 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 (G. 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 Section 5 for a detailed description of this figure.
(A color version of this figure is available in the online journal.)

5.1. Free–Free Emission

To estimate the free–free radiation in the SNR as imaged
with ALMA, we hypothesize an ionized 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 spherical region up to Rs ∼ 0.′′40 (≈3.08 × 1017 cm).
Such radius covers the extent 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). Given
that the pre-SN mass has been estimated between 14 M& and
20 M& (Smartt 2009), if we assume that the Hii region in the
ejecta has a uniform density ρej (r) = 3 MH ii(4πr3)−1, we set
0.7 M& MH ii 2.5 M&. The lower limit, MH ii ∼ 0.7 M&,
i.e., ρej (r = Rs) = 1.1 × 10−20, represents a partial ionization
of the ejecta by X-ray flux, either within the inner region or
on the outer layer. The upper limit, MH ii ∼ 2.5 M&, 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 ionization
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

e Rs, (2)

where T4 = Te/(104 K), ν is in GHz, Ne is in cm−3 and
Rs ≈

∫
los dl is in pc. For T4 ∼ 1, given the emission measure

4.6 × 106 EM 5.9 × 107 cm−6 pc, where EM = N2
e Rs ,

at frequencies 102 ν 672 GHz the emission becomes
nearly transparent as 2.28 × 10−6 τff 1.2 × 10−3. The flux
associated with the ionized component of the ejecta, can then
be derived as

Sνff ∝ τff (ν)
2kT

λ2
Ω ∝ ν−0.1. (3)

Considering the solid angle Ω subtended by the same radius,
Rs, at all frequencies, for the lower limit MH ii ≈ 0.7 M&, i.e.,
Ne = 6.8 × 103 cm−3, Sνff ∼ (Sν − S44 fit) at 102 and 213 GHz,
as Equation (3) 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 8) would well fit the SED (see blue fit in
Figure 8). If the Hii density is considerably higher, as given by

11
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Figure 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 1, right column), with the optical image of the remnant. In detail, the residual image at 102 GHz (brown–yellow color 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 1, left column). Images at 213, 345, and 672 GHz are overlaid with contours at 3σ , 4σ , and 5σ flux density
levels. The angular beams associated with each image, as shown in Figure 1, are listed in Table 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.
(A color version of this figure is available in the online journal.)

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. While X-ray observations do not show
significant difference between the NE and SW reverse shock
velocities, although the NE sector is brighter (Fransson et al.
2013), faster eastbound outer shocks have been measured in the
radio (Zanardo et al. 2013) 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. To estimate the synchrotron lifetime in the FIR
range, we use the approximation 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 (Rybicki & Lightman 1979).
Considering the electrons orbit is inclined at a pitch angle θ to
the magnetic field, the synchrotron lifetime, τe, can 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 , (1)

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.
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Figure 2: Spectral energy distribution
of SNR 1987A based on 2011−2012 ob-
servations (days ∼ 9000 − 9300; Za-
nardo et al., 2014), with ATCA, ALMA,
APEX, and Herschel (Indebetouw et al.,
2014; Lakićević et al., 2012a,b; Matsuura
et al., 2015; Ng et al., 2013; Zanardo et
al., 2013). The dashed orange and blue
lines are tentative fits of the excess emis-
sion component, obtained after subtrac-
tion of the main synchrotron and dust
components. The image of the emission
excess in Band 3 (B3) is shown in the
insert, overlaid with the contours of the
emission excess in Bands 6 and 7 (B6 and
B7; orange and yellow), the dust emis-
sion in Band 9 (B9; red) and the HST im-
age (blue) by Larsson et al. (2011) (Za-
nardo et al., 2014).

At 90 GHz, Aumont et al. (2010) measured a polarization fraction peaking at 30% south of the pulsar, with an
average ∼9% in the whole Crab Nebula (Figure 3, as from Aumont et al. 2010). Since the diameter of a PWN
in SNR 1987A would be not greater than ∼100 mas (Zanardo et al., 2014), ALMA Cycle 4 observations will
allow us to investigate polarization in the inner remnant on the same scale as a possible PWN, while identifying
its position with accuracy. In addition, the fact that free-free absorption of the ejecta is not significant at 102
GHz (Zanardo et al., 2014) increases the likelihood of detecting polarized emission from a PWN.
Magnetic field and particle acceleration − The relation between the properties of the magnetic field in
SNRs and the efficiency of the particle acceleration process is still a matter of debate. In SN 1006, Reynoso et
al. (2013) have linked lower fractional polarization to quasi-parallel shocks, as efficient particle acceleration
is likely correlated with disordered, amplified magnetic fields. Polarization observations in younger SNRs
have shown a predominantly radial magnetic field with respect to the shock front (Milne, 1987). For Cas A
(SN ∼1680), characterized by a convincingly radial magnetic field (Figure 3, as from Reich 2002), Mayer
& Hollinger (1968) reported at 19 GHz 4.5% of linear polarization around the rim and absence of polarized
emission in the center, while Anderson (1995) detected 5% − 10% fractional polarization at 5 GHz. In SN
1006, Reynoso et al. (2013) derived P ∼ 17%− 60% at 1.4 GHz.

In SNR 1987A, where the SN is still expanding within the CSM, a primarily toroidal magnetic field might
be more likely, as the radial B component is expected to drop more rapidly. This would correspond to a quasi-
perpendicular shock and, according to Reynoso et al. (2013), a less efficient particle acceleration process, i.e. a
higher degree of polarization. On the other hand, the high emissivity on the eastern sites of the remnant might
be associated with a tangled magnetic field and, thus, a smaller or negligible fractional polarization. From
sub-arcsec spectral maps from 18 to 345 GHz, it appears that a higher injection efficiency can be associated
with the eastern brighter regions, where the expected acceleration mechanism can be compatible with sub-
DSA (Zanardo et al., 2013, 2014). ALMA Cycle 4 will allow us to assess the degree of polarization of the
emission across the SNR on spatial scales of � 10% of the remnant size. This resolution scale matches that
of polarization studies of the Crab Nebula with the IRAM 30-m telescope (Aumont et al., 2010) and of Cas A
with the Effelsberg 100-m telescope (Reich, 2002).

4 TECHNICAL REQUIREMENTS

Based on observations at 44 GHz with a 0.��25 circular restoring beam, Zanardo et al. (2013) derived 3σ
upper limits to the Stokes Q, U and V flux densities at 60 µJy beam−1 or 2% of the maximum Stokes I flux
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Figure 8. Spectral energy distribution (SED) of SNR 1987A from radio to FIR, with data from: ATCA at 1.4 GHz (G. Zanardo et al., in preparation), 9 GHz (Ng et al.
2013), 18 and 44 GHz (Zanardo et al. 2013), and 94 GHz (Lakićević et al. 2012b); 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. 2012a); 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). 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 (G. 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 Section 5 for a detailed description of this figure.
(A color version of this figure is available in the online journal.)

5.1. Free–Free Emission

To estimate the free–free radiation in the SNR as imaged
with ALMA, we hypothesize an ionized 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 spherical region up to Rs ∼ 0.′′40 (≈3.08 × 1017 cm).
Such radius covers the extent 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). Given
that the pre-SN mass has been estimated between 14 M& and
20 M& (Smartt 2009), if we assume that the Hii region in the
ejecta has a uniform density ρej (r) = 3 MH ii(4πr3)−1, we set
0.7 M& MH ii 2.5 M&. The lower limit, MH ii ∼ 0.7 M&,
i.e., ρej (r = Rs) = 1.1 × 10−20, represents a partial ionization
of the ejecta by X-ray flux, either within the inner region or
on the outer layer. The upper limit, MH ii ∼ 2.5 M&, 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 ionization
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

e Rs, (2)

where T4 = Te/(104 K), ν is in GHz, Ne is in cm−3 and
Rs ≈

∫
los dl is in pc. For T4 ∼ 1, given the emission measure

4.6 × 106 EM 5.9 × 107 cm−6 pc, where EM = N2
e Rs ,

at frequencies 102 ν 672 GHz the emission becomes
nearly transparent as 2.28 × 10−6 τff 1.2 × 10−3. The flux
associated with the ionized component of the ejecta, can then
be derived as

Sνff ∝ τff (ν)
2kT

λ2
Ω ∝ ν−0.1. (3)

Considering the solid angle Ω subtended by the same radius,
Rs, at all frequencies, for the lower limit MH ii ≈ 0.7 M&, i.e.,
Ne = 6.8 × 103 cm−3, Sνff ∼ (Sν − S44 fit) at 102 and 213 GHz,
as Equation (3) 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 8) would well fit the SED (see blue fit in
Figure 8). If the Hii density is considerably higher, as given by
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Figure 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 1, right column), with the optical image of the remnant. In detail, the residual image at 102 GHz (brown–yellow color 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 1, left column). Images at 213, 345, and 672 GHz are overlaid with contours at 3σ , 4σ , and 5σ flux density
levels. The angular beams associated with each image, as shown in Figure 1, are listed in Table 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.
(A color version of this figure is available in the online journal.)

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. While X-ray observations do not show
significant difference between the NE and SW reverse shock
velocities, although the NE sector is brighter (Fransson et al.
2013), faster eastbound outer shocks have been measured in the
radio (Zanardo et al. 2013) 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. To estimate the synchrotron lifetime in the FIR
range, we use the approximation 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 (Rybicki & Lightman 1979).
Considering the electrons orbit is inclined at a pitch angle θ to
the magnetic field, the synchrotron lifetime, τe, can 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 , (1)

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.
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Figure 2: Spectral energy distribution
of SNR 1987A based on 2011−2012 ob-
servations (days ∼ 9000 − 9300; Za-
nardo et al., 2014), with ATCA, ALMA,
APEX, and Herschel (Indebetouw et al.,
2014; Lakićević et al., 2012a,b; Matsuura
et al., 2015; Ng et al., 2013; Zanardo et
al., 2013). The dashed orange and blue
lines are tentative fits of the excess emis-
sion component, obtained after subtrac-
tion of the main synchrotron and dust
components. The image of the emission
excess in Band 3 (B3) is shown in the
insert, overlaid with the contours of the
emission excess in Bands 6 and 7 (B6 and
B7; orange and yellow), the dust emis-
sion in Band 9 (B9; red) and the HST im-
age (blue) by Larsson et al. (2011) (Za-
nardo et al., 2014).

At 90 GHz, Aumont et al. (2010) measured a polarization fraction peaking at 30% south of the pulsar, with an
average ∼9% in the whole Crab Nebula (Figure 3, as from Aumont et al. 2010). Since the diameter of a PWN
in SNR 1987A would be not greater than ∼100 mas (Zanardo et al., 2014), ALMA Cycle 4 observations will
allow us to investigate polarization in the inner remnant on the same scale as a possible PWN, while identifying
its position with accuracy. In addition, the fact that free-free absorption of the ejecta is not significant at 102
GHz (Zanardo et al., 2014) increases the likelihood of detecting polarized emission from a PWN.
Magnetic field and particle acceleration − The relation between the properties of the magnetic field in
SNRs and the efficiency of the particle acceleration process is still a matter of debate. In SN 1006, Reynoso et
al. (2013) have linked lower fractional polarization to quasi-parallel shocks, as efficient particle acceleration
is likely correlated with disordered, amplified magnetic fields. Polarization observations in younger SNRs
have shown a predominantly radial magnetic field with respect to the shock front (Milne, 1987). For Cas A
(SN ∼1680), characterized by a convincingly radial magnetic field (Figure 3, as from Reich 2002), Mayer
& Hollinger (1968) reported at 19 GHz 4.5% of linear polarization around the rim and absence of polarized
emission in the center, while Anderson (1995) detected 5% − 10% fractional polarization at 5 GHz. In SN
1006, Reynoso et al. (2013) derived P ∼ 17%− 60% at 1.4 GHz.

In SNR 1987A, where the SN is still expanding within the CSM, a primarily toroidal magnetic field might
be more likely, as the radial B component is expected to drop more rapidly. This would correspond to a quasi-
perpendicular shock and, according to Reynoso et al. (2013), a less efficient particle acceleration process, i.e. a
higher degree of polarization. On the other hand, the high emissivity on the eastern sites of the remnant might
be associated with a tangled magnetic field and, thus, a smaller or negligible fractional polarization. From
sub-arcsec spectral maps from 18 to 345 GHz, it appears that a higher injection efficiency can be associated
with the eastern brighter regions, where the expected acceleration mechanism can be compatible with sub-
DSA (Zanardo et al., 2013, 2014). ALMA Cycle 4 will allow us to assess the degree of polarization of the
emission across the SNR on spatial scales of � 10% of the remnant size. This resolution scale matches that
of polarization studies of the Crab Nebula with the IRAM 30-m telescope (Aumont et al., 2010) and of Cas A
with the Effelsberg 100-m telescope (Reich, 2002).

4 TECHNICAL REQUIREMENTS

Based on observations at 44 GHz with a 0.��25 circular restoring beam, Zanardo et al. (2013) derived 3σ
upper limits to the Stokes Q, U and V flux densities at 60 µJy beam−1 or 2% of the maximum Stokes I flux
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Figure 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 emphasize 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 05
h
35

m
27.s968, Dec −69

◦
16

�
11.��09 (J2000)].
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Figure 10. Top − 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. Bottom − The T–T plots are applied to 6 pairs of frequencies: 44− 102 GHz, 102− 213 GHz, 213− 345

GHz, 44− 94 GHz, 44− 213 GHz and 44− 345 GHz. The controlling beam associated with each pair of frequencies is shown on the lower

left corner of the images. The T–T boxes are colour-coded according to the resultant αTT value. For image pairs of angular resolution

lower than 0.��8, αTT is derived from larger T–T regions as outlined. All T–T boxes are drawn on top of the 4-frequency spectral map,

highlighted by contours spaced at ∆α = 0.1, which are coloured according to the associated spectral index. The red cross indicates the

VLBI position of SN 1987A as determined by Reynolds et al. (1995). The αTT values resulting from the six frequency pairs are detailed

in Table 4.
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Figure 10. Top − 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. Bottom − The T–T plots are applied to 6 pairs of frequencies: 44− 102 GHz, 102− 213 GHz, 213− 345

GHz, 44− 94 GHz, 44− 213 GHz and 44− 345 GHz. The controlling beam associated with each pair of frequencies is shown on the lower

left corner of the images. The T–T boxes are colour-coded according to the resultant αTT value. For image pairs of angular resolution

lower than 0.��8, αTT is derived from larger T–T regions as outlined. All T–T boxes are drawn on top of the 4-frequency spectral map,

highlighted by contours spaced at ∆α = 0.1, which are coloured according to the associated spectral index. The red cross indicates the

VLBI position of SN 1987A as determined by Reynolds et al. (1995). The αTT values resulting from the six frequency pairs are detailed

in Table 4.
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ATCA+ALMA: Possible PWN constraints 

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/

179

Spectral and morphological analysis of SNR 1987A with ALMA & ATCA 19

Printed by Mathematica for Students

Figure 13. Dispersion measure (DM) associated with a possible

pulsar in SNR 1987A, assuming an ionized fraction of the ejecta

0.1M⊙ � MHII � 2.5M⊙, distributed within a spherical shell

of thickness 0.��05 ≤ ∆R ≤ 0.��42 (0.01 ≤ ∆R ≤ 0.10 pc). 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.

assuming the PWN is freely expanding and has constant

density ρej . At t = 9280 days, setting 10
−19 � ρej �

10
−18

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 290 � vPWN � 460 km s
−1

, which could be

plausible for a young PWN and leads to RPWN not greater

than 0.��05.

Since a young pulsar in SNR 1987A is unlikely to be sig-

nificantly spun down, we can estimate its period from

Espin = 2π2I/P 2
, where I = 2/5MNSR

2

NS
is the moment

of inertia of the NS. If the NS is simplified as a uniform-

density sphere of mass MNS ∼ 1.6M⊙ (e.g. Utrobin

2007) and radius RNS ∼ 10 km, we can tentatively ex-

trapolate a minimum spin period P ∼ 1.37 s. Spin pe-

riod estimates for varying PWN size and magnetic field

strength are shown in Figure 12.

In terms of integrated radio luminosity, calculated

as

Lν = 4πd 2

� νmax

νmin

Sν(ν) dν, (11)

if νmin = 102 GHz and νmax = 672 GHz bracket the

frequency range in which the PWN is detected, Sν ≈ 3

mJy leads to Lν ≈ 5.4×10
33

erg s
−1

, which is comparable

with the limit of Lν ≤ 8× 10
33

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.

As mentioned in § 5, a pulsar embedded in the SNR inte-

rior would also emit ionizing 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 re-

flected shocks, as well as to shocks propagating into the

ER.

If the fraction of the ejecta ionized by a pulsar is repre-

sented by a spherical region (see § 5), the related disper-

sion measure can be derived as

DM(MHII, R) =

� R1

R0

Ne(MHII, R) dR. (12)

For 0.1M⊙ � MHII � 2.5M⊙ and 0.��05 ≤ ∆R ≤ 0.��42
(i.e. 0.01 ≤ ∆R ≤ 0.10 pc), the resulting DM is shown

in Figure 13. With reference to the Parkes multi-beam

receiver, while a slow pulsar could be detected even with

high DM , a pulsar with P � 20 ms and DM � 1000

cm
−3

pc would exceed the minimum detectable flux

density (Manchester et al. 2001).

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:

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 localized 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 ra-

tio with frequency. We attribute this to the shorter

synchrotron lifetime at high frequencies. We esti-

mate that, at frequencies higher than 213 GHz, the

electrons might be unable to cross the eastern emis-

sion region.

3. Across the transition from radio to FIR, the SED

suggests additional emission 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 com-

ponent with −0.4 � α � −0.1. This could imply

the presence of a PWN originating from an embed-

ded pulsar.

4. Spectral index measurements across the SNR, from

44 to 345 GHz, show predominantly flat spectral
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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.

•  Dispersion measure: 
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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

•  Size: 
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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.

•  Preliminary analysis: 

•  Possible candidates with 
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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.

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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Figure 2. Spectral energy distribution of SNR 1987A from 0.072 to 8.64 GHz. The MWA data points are plotted in black. The monitoring data from the
ATCA for 2013 August 31 and 2014 February 4 are shown in blue and green, respectively. The best-fitting power-law model to all the data is presented in
orange, with the shaded orange region representing the 1σ uncertainty on the model fit at the respective frequency. The χ -values for the power-law fit to the
data, which represent the residuals to the fit divided by the uncertainties in the flux density measurements, are displayed in the panel below the spectral energy
distribution.

where a, in Jy, characterizes the amplitude of the synchrotron spec-
trum, α is the synchrotron spectral index, and Sν is the flux density
at frequency ν, in GHz. The best fit of this model requires α =
−0.74 ± 0.02 and a = 0.82 ± 0.01 Jy. The fit is plotted in Fig. 2
and has a log evidence ln (Z) value of 8.32 ± 0.02, or a reduced
χ2-value of 0.84, calculated using 25 degrees of freedom. This
spectral index is somewhat steeper, but still consistent, with what
is expected from the higher frequency ATCA data and leads to a
shock compression ratio of σ s = 3.02 ± 0.04, consistent with the
range of compression ratios derived for SNR 1987A between 1.4
and 44 GHz (Berezhko & Ksenofontov 2006; Zanardo et al. 2010,
2014). This low compression factor implies that the shock is still
in the adiabatic phase and that sub-diffusive shock acceleration,
without cosmic ray feedback, is present.

While the spectrum of SNR 1987A is best described by a non-
thermal power law, we also fit an extrinsic free–free absorption
model to place an upper limit on the optical depth. Assuming that
the ionized material is not mixed with the relativistic electrons that
are producing the non-thermal spectrum, a spectrum with a peak
below 72 MHz is characterized as

Sν = a
( ν

0.072 GHz

)α

exp
[
−τ72

( ν

0.072 GHz

)−2.1
]

, (2)

where τ 72 is the free–free optical depth at the reference frequency
of 72 MHz. The fit to the spectrum requires τ 72 ≤ 0.1 at 3σ .

Model selection can be performed based on the difference be-
tween the log evidence of two models &ln (Z) = ln (Z2) − ln (Z1),
where &ln (Z) ≥ 3 is taken as strong evidence that the second model
is favoured over the first (Kass & Raftery 1995). The difference in
the log evidence value between the free–free absorption fits and
synchrotron radiation fit was found to be greater than 200, imply-
ing that the non-thermal synchrotron emission is strongly favoured
over both internal and external free–free absorption. Non-physically
motivated models, such as quadratic and quartic curves, were also

fitted to the spectrum to test for spectral curvature. The difference in
evidence between these non-physical models and the synchrotron
spectrum was always greater than 165, suggesting that there is no
statistical evidence of curvature in the spectrum of SNR 1987A. This
implies that if a turnover exists in the spectrum of SNR 1987A, it
has to occur at a frequency lower than 72 MHz.

Note that we excluded synchrotron self-absorption as a potential
absorption mechanism as it was shown by Chevalier (1998) that
synchrotron self-absorption ceased almost immediately after the
prompt burst. Additionally, the Razin–Tsytovich effect (Tsytovich
1951; Razin 1957) is unlikely to be contributing to the absorption
because it would require the density of the radiating region to be
nearly two orders of magnitude larger than the post-shock density,
which is greater than expected for the synchrotron emitting region
of SNR 1987A (Chevalier 1982; Chevalier & Dwarkadas 1995).
Therefore, free–free absorption by an ionized circumstellar material
is the only plausible mechanism for a spectral turnover, considering
that the observations reported in this paper were conducted over
9640 d since SNR 1987A occurred.

4 D ISCUSSION

The MWA observation of SNR 1987A represents the lowest fre-
quency detection of SNR 1987A, over an order of magnitude lower
than the previous lowest frequency observations at 843 MHz. This
allows us to place a limit on the density of ionized material present
around the shock producing the synchrotron emission. Since the
best-fitting model is a non-thermal power law, if a turnover is present
in the spectrum, it has to occur at or below a frequency of 72 MHz.
The medium responsible for the ionized material would likely be
the surrounding H II and ‘hourglass’ regions deposited by the ex-
pansion of SNR 1987A progenitor’s wind during its red supergiant
phase (Chevalier & Dwarkadas 1995). This is because the forward
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247

Observations and data reduction. SNR 1987A was observed248

at 7 and 15 mm λλ with the Australia Telescope Compact249

Array (ATCA) in 2015 October 16−19 and 2016 May 17−18,250

with 2 × 12 hr sessions on each frequency band in October251

2015 and one 12-hr session on each band in May 2016. In all252

sessions the ATCA was in the 6A configuration with maximum253

baselines of 5939 m. The observations were performed over 2× 2254

GHz bandwidth in each frequency band, centered on 22.2 and255

23.7 GHz, and 43.4 and 49.0 GHz, respectively. Atmospheric256

conditions were optimal during all October sessions with rms of257

the path length fluctuations below 300 µm. In all observations,258

the standard bandpass calibrator PKS B0637−752 was observed259

for 2 minutes every 90 minutes while the phase calibrator PKS260

0530−727 was observed for 1.5 minutes every 6 minutes on the261

source. Uranus was used as the flux density calibrator at 43.4 and262

49.0 GHz. At 22.2 and 23.7 GHz, we used PKS B1934−638 as263

the primary flux density calibrator. The data were reduced with264

MIRIAD1. Polarization leakage corrections were applied via the265

task gpcal, based on the polarization properties of the calibra-266

tor. To avoid bandwidth depolarization, the data were reduced267

separately for each 400-MHz band. A weighting parameter30
268

of robust = 0.5 was used in all bands for Stokes-I images, and269

robust = 2.0 was used for the derivation of Stokes-Q, U , and V270

images. For Stokes−I data, deconvolution was carried out via the271

maximum entropy method31, while no further deconvolution was272

performed on the Stokes-Q, U , and V maps. The integrated flux273

density of the Stokes-I images is ∼ 92 mJy at 22 GHz and ∼ 59274

mJy at 44 GHz (see Fig. S1).275

276

Measurement of linear polarization. The complex linear277

polarization, IP , is derived from the sum of its real and imaginary278

components, the Q and U Stokes parameters, which are both ob-279

servable quantities. Bias in the observed linear polarization arises280

when the measurement of Q and U is significantly affected by281

noise, as the quantity Q2 + U2 is overestimated32. Assuming the282

errors on the actual Stokes parameters, Q0 and U0, are known and283

both equal to σ, i.e. Q = Q0±σ and U = U0±σ, the true degree284

of polarization can be taken as32 IP0 =
�

Q2
0 + U2

0 if IP0/σ > 4,285

with polarization angle Ψ0 = 1/2 tan−1 Q0/U0. In the case of286

our 3-σ polarization measurements, IP is overestimated by ∼ 2%287

at 22 GHz with an error on Ψ0 of less than 5◦ over the ring-like288

structure of the SNR, while at 44 GHz (IP − IP0)/IP0 ≈ 3%289

and �Ψ = Ψ0 ± 7◦ over the brightest Stokes-I sites.290

291

Rotation measure and magnetic field. For linearly polarized ra-292

dio emission at short wavelengths (or Faraday-thin33 objects), the293

observed polarization angle Ψ is linked to the Faraday rotation294

measure (RM) as34
295

Ψ = Ψ0 +RMλ2, (1)

with Ψ0 the intrinsic polarization angle. For wavelengths so close296

that35 |λ2
i+1

− λi

2| < π/2RM0, the general definition of RM ≈297

dΨ(λ)/dλ2 can be taken as a linear function of λ2, i.e. RM ≈298

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

(Ψi+1−Ψi)/Λ
2
i+1,i

with Λi+1,i = λ2
i+1

−λ2
i
, being λi and λi+1 the 299

central wavelengths of adjacent 400-MHz wide frequency bands. 300

The derivation of RM (see Fig. S2) enables the estimate of the 301

magnetic field along the line of sight (los) as 302

RM ≈ e3 λ2

2π(mec2)2

�

los
ne(l)Blos�(l) dl. (2)

Thus, for an upper limit of RM ≈ 1.3 × 105 rad m−2 at ∼ 7 303

mm λ, taking the electron density of the medium in which the SN 304

radio emission propagates, ne ∼ 110 cm−3, as from the spectrum 305

derived at low frequencies10, we can derive the the magnetic field 306

along the los, within the CSM near the SNR, as B0 ≈ 28 µG. 307

The magnetic field strength within the SNR, BSNR , is instead in- 308

ferred from the energy equipartition and pressure equilibrium be- 309

tween the remnant magnetic field and cosmic rays as36, 37
310

BSNR ≈
�
G0 G (K + 1)

Sν

fd θ3
SNR

ν
(1−γ)

2

� 2
(5+γ)

, (3)

where G0 is a constant, G = G(ν, γ) is the product of different 311

functions varying with the minimum and maximum frequencies 312

associated with the spectral component and the synchrotron 313

spectral index36, K is the ion/electron energy ratio, f is the 314

volume filling factor of radio emission, θSNR = RSNR/d is the 315

angular radius, and γ = 1 − 2α, being the synchrotron emission 316

Sν ∝ να. Considering 1.��0 � RSNR � 1.��1, −0.95 ≤ α ≤ −0.91, 317

20 ≤ ν ≤ 50 GHz, Sν = 92 mJy at ν = 22 GHz, and taking 318

K ≈ 100, while f ≈ 0.5, Eq. 3 yields BSNR ∼ 2 mG. We 319

note that although the equipartition of the magnetic field is a 320

conjecture for young SNRs, it is considered applicable33, 37 for 321

remnants or specific SNR sites where −1.0 � α � −0.8, or for 322

energy spectral indices 2 < γ � 3. 323

324

325

[30] Briggs, D. S. 1995, AAS, 187, 112.02, available via 326

http://www.aoc.nrao.edu/dissertations/dbriggs/ 327
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ABSTRACT
We present Murchison Widefield Array observations of the supernova remnant (SNR) 1987A
between 72 and 230 MHz, representing the lowest frequency observations of the source to
date. This large lever arm in frequency space constrains the properties of the circumstellar
medium created by the progenitor of SNR 1987A when it was in its red supergiant phase.
As of late 2013, the radio spectrum of SNR 1987A between 72 MHz and 8.64 GHz does not
show any deviation from a non-thermal power law with a spectral index of −0.74 ± 0.02.
This spectral index is consistent with that derived at higher frequencies, beneath 100 GHz,
and with a shock in its adiabatic phase. A spectral turnover due to free–free absorption by the
circumstellar medium has to occur below 72 MHz, which places upper limits on the optical
depth of ≤0.1 at a reference frequency of 72 MHz, emission measure of !13 000 cm−6 pc, and
an electron density of !110 cm−3. This upper limit on the electron density is consistent with
the detection of prompt radio emission and models of the X-ray emission from the supernova.
The electron density upper limit implies that some hydrodynamic simulations derived a red
supergiant mass-loss rate that is too high, or a wind velocity that is too low. The mass-loss rate
of ∼5 × 10−6 M% yr−1 and wind velocity of 10 km s−1 obtained from optical observations
are consistent with our upper limits, predicting a current turnover frequency due to free–free
absorption between 5 and 60 MHz.

Key words: supernovae: individual: SN 1987A – ISM: supernova remnants – radio contin-
uum: general.

1 IN T RO D U C T I O N

Supernova 1987A (SN 1987A), discovered in the Large Magel-
lanic Cloud (LMC) on 1987 February 23, was the brightest su-
pernova seen from Earth since the invention of the telescope
(Koshiba et al. 1987; Kunkel et al. 1987; Svoboda et al. 1987).

! E-mail: jcal@physics.usyd.edu.au

The close proximity of SN 1987A, and the detailed information
we have about its progenitor, has meant SN 1987A has played
a pivotal role in shaping our understanding of core-collapse su-
pernovae, supernova remnant (SNR) evolution, and the physical
properties of the circumstellar medium deposited by a supernova
progenitor.

Radio emission from core-collapse supernovae generally oc-
curs when the forward shock sweeps up the dense, slow-moving
wind generated by a red supergiant progenitor (Chevalier 1982).

C© 2016 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Detection of Linear Polarization in the Radio Remnant of
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Supernova remnants (SNRs) are powerful particle accelera-1

tors. As a supernova blast wave propagates through the cir-2

cumstellar medium, electrons and protons trapped between3

upstream and downstream magnetic mirrors gain energy via4

multiple traversals of the shock front
1, 2

. The accelerated5

particles generate further magnetic field fluctuations and lo-6

cal amplification
3
, thus leading to increased acceleration ef-7

ficiency
4, 5

. The geometry and orientation of the magnetic8

field that drive an efficient particle acceleration process by the9

shock front remain under debate. While older SNRs have been10

observed with a preferentially tangential magnetic field, many11

young SNRs exhibit some degree of radial alignment
6, 7

. The12

remnant of Supernova 1987A in the Large Magellanic Cloud13

has proven a unique laboratory to investigate particle acceler-14

ation in young SNRs. Here we report the first detection of lin-15

ear polarization of the synchrotron emission at frequencies up16

to 50 GHz. From the direction of the radio polarization, cor-17

rected for Faraday rotation, the intrinsic magnetic field direc-18

tion emerges as primarily radial. The magnetic field strength19

peaks over the high-emissivity eastern sites, where efficient20

cosmic ray acceleration likely takes place under quasi-parallel21

shocks at high Mach numbers.22

We use imaging observations carried out with the Australia23

Telescope Compact Array from October 2015 to May 2016 at fre-24

quencies spanning from 20 to 50 GHz, with highest angular reso-25

lution of 0.��20. Details of the observations and analysis are given26

in the Supplementary Information. The Stokes I images at mm27

λλ (Supplementary Fig. S1) reveal that the radio emission is now28

extending beyond the equatorial ring (ER), which consists of high-29

density circumstellar medium (CSM) in the equatorial plane. At30

the current stage of the evolution of the radio remnant, the syn-31

chrotron emission visible in the northern and southern sectors is32

likely to originate from a thick torus around the ER as fitted by33

Fourier models of the visibilities8 and 3D hydrodynamic simula-34

tions9. The high-resolution polarization maps (Fig. 1), blanked for35

polarized emission intensity lower than 2σ, show linearly polar-36

ized emission in both the inner region of the SNR and over the ER.37

From the Faraday depth (see Supplementary Information and Sup-38

plementary Fig. S2), considering a CSM density10 of ∼ 110 cm−3,39

for a the net line-of-sight magnetic field strength is B0 < 30 µG.40

Given the negligible Faraday rotation at 20−50 GHz, the orienta-41

tion of the observed magnetic field is mainly radial. As the ma-42

jority of the synchrotron emitting electrons is generated between 43

the reverse and the forward propagating shocks9, the radial align- 44

ment detected across the ring-like structure of the remnant likely 45

encompasses both the reverse and forward shocks. 46

A predominantly radial magnetic field has been found in most 47

young SNRs11, although SNR 1987A is by far the youngest yet 48

measured. Theoretical models show that the magnetic field lines 49

can be stretched radially by the Rayleigh-Taylor (R-T) instabil- 50

ity12 at the contact discontinuity between the supernova ejecta and 51

the compressed CSM. However, it is still unclear whether the R- 52

T instability or another mechanism can reproduce a radial field 53

that extends outward to the forward shock13. According to ideal 54

magneto-hydrodynamics (MHD), a radial field that reaches the 55

forward shock can be obtained when cosmic rays significantly 56

contribute to the shock pressure14, a scenario that implies fast 57

shocks with efficient particle acceleration15. The diffusion of cos- 58

mic rays in SNRs depends on the field orientation and the level of 59

magnetic turbulence which, in turn, can result from the instabil- 60

ity induced by the cosmic ray pressure gradient16. MHD simula- 61

tions suggest that turbulent fields driven by hydrodynamic insta- 62

bilities17, 18 may have radially biased velocity dispersions, leading 63

to selective amplification of the radial component and further cos- 64

mic ray production. 65

Given the polar morphology of SNR 1987A, we separate or- 66

thogonal components of the electric field via polar transforma- 67

tion of the Stokes parameters. With a reference centred on the 68

supernova site19, in the image plane we derive quasi-E (or �E) and 69

quasi-B (or �B) polarizations, which, after correction for Faraday 70

rotation, trace the components of the magnetic field, aligned at 71

[0◦, 90◦] and [−45◦,+45◦] to the tangent of the ring-like struc- 72

ture of the SNR, analogous to the E and B polarization modes20. 73

The relationship between �E and �B and the linear polarization 74

Stokes parameters Q and U is �E = U sin(2χ) + Q cos(2χ) and 75

�B = U cos(2χ)−Q sin(2χ), where χ is the position angle of the 76

Q and U measurement relative to the ring center and taken from 77

north to east (see Fig. 2). As for the E sign convention, negative 78

values of �E identify a radial pattern of the magnetic field, which 79

we signify as B�. In Fig. 2, the resultant �E map shows that B� is 80

strong over the brightest regions on the eastern lobe (Supplemen- 81

tary Fig. S1). Weaker non-radial field components are localised 82

just outside the brightest regions of the remnant in the NE sector, 83

as well as in the faintest Stokes-I sites on the remnant ring, i.e. at 84
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Supplementary Information246

247

Observations and data reduction. SNR 1987A was observed248

at 7 and 15 mm λλ with the Australia Telescope Compact249

Array (ATCA) in 2015 October 16−19 and 2016 May 17−18,250

with 2 × 12 hr sessions on each frequency band in October251

2015 and one 12-hr session on each band in May 2016. In all252

sessions the ATCA was in the 6A configuration with maximum253

baselines of 5939 m. The observations were performed over 2× 2254

GHz bandwidth in each frequency band, centered on 22.2 and255

23.7 GHz, and 43.4 and 49.0 GHz, respectively. Atmospheric256

conditions were optimal during all October sessions with rms of257

the path length fluctuations below 300 µm. In all observations,258

the standard bandpass calibrator PKS B0637−752 was observed259

for 2 minutes every 90 minutes while the phase calibrator PKS260

0530−727 was observed for 1.5 minutes every 6 minutes on the261

source. Uranus was used as the flux density calibrator at 43.4 and262

49.0 GHz. At 22.2 and 23.7 GHz, we used PKS B1934−638 as263

the primary flux density calibrator. The data were reduced with264

MIRIAD1. Polarization leakage corrections were applied via the265

task gpcal, based on the polarization properties of the calibra-266

tor. To avoid bandwidth depolarization, the data were reduced267

separately for each 400-MHz band. A weighting parameter30
268

of robust = 0.5 was used in all bands for Stokes-I images, and269

robust = 2.0 was used for the derivation of Stokes-Q, U , and V270

images. For Stokes−I data, deconvolution was carried out via the271

maximum entropy method31, while no further deconvolution was272

performed on the Stokes-Q, U , and V maps. The integrated flux273

density of the Stokes-I images is ∼ 92 mJy at 22 GHz and ∼ 59274

mJy at 44 GHz (see Fig. S1).275

276

Measurement of linear polarization. The complex linear277

polarization, IP , is derived from the sum of its real and imaginary278

components, the Q and U Stokes parameters, which are both ob-279

servable quantities. Bias in the observed linear polarization arises280

when the measurement of Q and U is significantly affected by281

noise, as the quantity Q2 + U2 is overestimated32. Assuming the282

errors on the actual Stokes parameters, Q0 and U0, are known and283

both equal to σ, i.e. Q = Q0±σ and U = U0±σ, the true degree284

of polarization can be taken as32 IP0 =
�

Q2
0 + U2

0 if IP0/σ > 4,285

with polarization angle Ψ0 = 1/2 tan−1 Q0/U0. In the case of286

our 3-σ polarization measurements, IP is overestimated by ∼ 2%287

at 22 GHz with an error on Ψ0 of less than 5◦ over the ring-like288

structure of the SNR, while at 44 GHz (IP − IP0)/IP0 ≈ 3%289

and �Ψ = Ψ0 ± 7◦ over the brightest Stokes-I sites.290

291

Rotation measure and magnetic field. For linearly polarized ra-292

dio emission at short wavelengths (or Faraday-thin33 objects), the293

observed polarization angle Ψ is linked to the Faraday rotation294

measure (RM) as34
295

Ψ = Ψ0 +RMλ2, (1)

with Ψ0 the intrinsic polarization angle. For wavelengths so close296

that35 |λ2
i+1

− λi

2| < π/2RM0, the general definition of RM ≈297

dΨ(λ)/dλ2 can be taken as a linear function of λ2, i.e. RM ≈298

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

(Ψi+1−Ψi)/Λ
2
i+1,i

with Λi+1,i = λ2
i+1

−λ2
i
, being λi and λi+1 the 299

central wavelengths of adjacent 400-MHz wide frequency bands. 300

The derivation of RM (see Fig. S2) enables the estimate of the 301

magnetic field along the line of sight (los) as 302

RM ≈ e3 λ2

2π(mec2)2

�

los
ne(l)Blos�(l) dl. (2)

Thus, for an upper limit of RM ≈ 1.3 × 105 rad m−2 at ∼ 7 303

mm λ, taking the electron density of the medium in which the SN 304

radio emission propagates, ne ∼ 110 cm−3, as from the spectrum 305

derived at low frequencies10, we can derive the the magnetic field 306

along the los, within the CSM near the SNR, as B0 ≈ 28 µG. 307

The magnetic field strength within the SNR, BSNR , is instead in- 308

ferred from the energy equipartition and pressure equilibrium be- 309

tween the remnant magnetic field and cosmic rays as36, 37
310

BSNR ≈
�
G0 G (K + 1)

Sν

fd θ3
SNR

ν
(1−γ)

2

� 2
(5+γ)

, (3)

where G0 is a constant, G = G(ν, γ) is the product of different 311

functions varying with the minimum and maximum frequencies 312

associated with the spectral component and the synchrotron 313

spectral index36, K is the ion/electron energy ratio, f is the 314

volume filling factor of radio emission, θSNR = RSNR/d is the 315

angular radius, and γ = 1 − 2α, being the synchrotron emission 316

Sν ∝ να. Considering 1.��0 � RSNR � 1.��1, −0.95 ≤ α ≤ −0.91, 317

20 ≤ ν ≤ 50 GHz, Sν = 92 mJy at ν = 22 GHz, and taking 318

K ≈ 100, while f ≈ 0.5, Eq. 3 yields BSNR ∼ 2 mG. We 319

note that although the equipartition of the magnetic field is a 320

conjecture for young SNRs, it is considered applicable33, 37 for 321

remnants or specific SNR sites where −1.0 � α � −0.8, or for 322

energy spectral indices 2 < γ � 3. 323
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Figure S1 | Stokes I images of SNR 1987A. Diffraction-limited Stokes I continuum image of SNR 1987A at 22 GHz (left) and 44 GHz (right) from ATCA observations
from October 2015 to May 2016 and combined epochs from October 2015 to May 2016 (right).
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position angle PA∼ 225◦ and PA∼ 325◦ (Fig. 2).85

Since the synchrotron brightness directly directly tracks the86

magnetic field strength, the association of the strongest B� field87

with the high-emissivity sites on the eastern lobe of the SNR is88

consistent with the scenario of large injection efficiency and am-89

plification of the magnetic field due to cosmic ray production.90

The expansion velocities extrapolated for the faster eastbound91

shocks21, u ∼ 6000 km s−1, would yield high upstream Alfvénic92

Mach numbers, MA, depending on the shock arrangement, being93

MA = u/vA with vA � u the speed of the Alfvén waves gen-94

erated by the cosmic rays. The detection in Saturn’s strong bow95

shock of electron acceleration under quasi-parallel magnetic con-96

ditions22, suggests that when MA ∼ 100 quasi-parallel shocks97

become very effective electron accelerators. Assuming equipar-98

tition conditions (see Supplementary Information), the magnetic-99

field strength associated with the brightest eastern sites of SNR100

1987A, i.e. with the regions of steeper spectral indices23, be-101

comes BSNR ∼ 2 mG, within a radius of ∼ 1.��1 from the SNR102

centre and for a volume filling factor f ≈ 0.5. The globally103

high Mach numbers linked to quasi-parallel shocks might likely104

result from non-linear amplification of the magnetic field due105

to very efficient cosmic-ray acceleration24, which would lead to106

(BSNR/B0)2 ∝ MA ∼ 103. For such MA values, strong fluc-107

tuations in B-field strength would invoke non-linear cosmic-ray-108

excited turbulence3.109

The degree of polarization of the synchrotron emission is crit-110

ical to estimate the relative ratio of the coherent and disordered111

magnetic field components. However, we note that the standard112

expression of the fractional polarization as a function of the Stokes113

parameters, P ≡
�

Q2 + U2/I , is greatly affected by error when114

the signal-to-noise ratio is low. Inspection of the P distribution115

against the total intensity in Cassiopeia A (Cas A, SN ∼1680) did116

not reveal any significant correlation25, while sites of very faint117

synchrotron emission in the remnant of SN 1006 have been asso-118

ciated with P values close to the theoretical maximum26. To iden-119

tify the ordered component of the magnetic field in SNR 1987A,120

we implement a more robust estimate of the polarized emission121

using the �E polarization. As shown in Fig. 3, we use �E vs Stokes-122

I intensity plots to assess the correlation between the fraction123

of polarized flux and the total intensity measured at 22 and 44124

GHz. The resultant degree of polarization across the remnant is125

1.5 ± 0.2% at 22 GHz and 2.4 ± 0.7% at 44 GHz. While a rela-126

tively low degree of polarization is not an unequivocal indicator of127

the extent of the ordered component of the magnetic field, a direct128

correlation between increasing fractional polarization and brighter129

emission sites would require high efficiency rates of cosmic-ray130

production, possibly achieved by short-scale turbulent amplifica-131

tion of the magnetic field interacting with the dense clumps of the132

CSM28. The mean fraction of polarized flux in the brightest sites133

is 2.7 ± 0.2% at 22 GHz and 3.5 ± 0.7% at 44 GHz. For com-134

parison, observations of Cas A at 19 GHz yielded 4.5% of linear135

polarization around the rim and absence of polarized emission in136

the centre27. We note that the beam depolarization associated with137

our observations hampers an accurate estimate of the local degree138

of polarization, especially if the magnetic field undergoes micro-139

instabilities by the shock front and the downstream regions29.140

As regards the central region of SNR 1987A, from the distri-141

bution of the �E and �B polarizations shown in Fig. 2, we note that 142

at 22 GHz the inner magnetic field appears to have a prevalence 143

of non-radial components along the NW-SE axis, which extend 144

to the outer edge of the ring. The derivation of P = P (Q,U, I) 145

for the inner remnant yields P = 3.6 ± 1.5% at 22 GHz. While 146

the detection of polarized flux hints at the presence of magnetized 147

shocks in the centre of the remnant, the 2σ detection can not be 148

used for a meaningful estimate of the fractional polarization, as 149

the beam depolarization is rather significant for the expected size 150

of a possible pulsar wind nebula23. 151
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•  Strong fluctuations in B-field 

strength would invoke non-
linear CR-excited turbulence.  
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Figure S1 | Stokes I images of SNR 1987A. Diffraction-limited Stokes I continuum image of SNR 1987A at 22 GHz (left) and 44 GHz (right) from ATCA observations
from October 2015 to May 2016 and combined epochs from October 2015 to May 2016 (right).
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•  To date there are ongoing observing campaigns  from 
70 MHz to 700 GHz. 

 
•  The  SNR has recently entered a new evolutionary 

stage. The SN is gradually moving past the high density 
CSM and expanding above and below the equatorial 
ring. 

 
•  The detection of synchrotron emission from the central 

region is still elusive, while the spectral indices for the 
inner region are consistently flat across large frequency 
ranges. 

 

•  Detection of polarisation with ATCA  is still hampered by 
beam depolarisation and will be definitely more 
accurate with the upcoming ALMA observations. 

•  A radial magnetic field and a  direct correlation of 
brightness with polarisation seems  consistent with the 
presence of CR production. 

 
 
 
  


