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The circumstellar ring around SN1987A:
A perfect environment for studying physical
processes in a dusty plasma

✦

Collisional heating of the dust (electron collision)

✦

IR cooling of the X-ray emitting gas, IRX

✦

Grain destruction by sputtering (heavy ions)

✦

Derivation of physical properties of the plasma
(density, temperature) from IR emission

First detection of the ring at IR wavelengths
T-ReCS instrument on the Gemini South 8m telescope
(Bouchet et al. 2004)

day 6067

10 µm
ring

ejecta

Hubble Space Telescope

Shock-heated circumstellar dust
T-ReCS instrument on the Gemini South 8m telescope
(Bouchet et al. 2004, 2006)

11.7 µm

T-ReCS observations resolved the ring,
but with only two wavelengths, it could
not constraints the dust composition

18.3 µm
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11.7 µm & HST F625W

IR & Chandra

g. 16.— (a) Montage of the mid-IR 11.7 !m image of the ER (red ) and the HST F625W image obtained on day 6502 ( yellow); (b) same as (a) with the HST image
ow) convolved to match the resolution of the T-ReCS 11.7 !m image (red ); (c) montage of the Qa image from T-ReCS (red ) with the HST F625W image ( yellow);
ame as (c) with the HST image convolved to match the T-ReCS Qa angular resolution.

IR emission is generated by shock-heated

circumstellar dust
Spitzer – MIPS 24 µm (day 6184)
IRAC 3.6–8 µm (day 6130)
IRS 12–37 µm (day 6190)

Spitzer observations
day 6190
(Gehrz, Polomski)

Dust:

Tdust ≈ 180±15 K
Mdust ≈ (1–2)x10-6 Msun

Plasma: Te ⇡ 4 ⇥ 106 K
ne ⇡ (0.3 1) ⇥ 104 cm
Shock-heated silicate dust
T-ReCS (day 6526)

Spitzer (day 6190)

mystery component
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Collisional Heating of Dust
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dust luminosity is proportional
to the dust mass

electrons stopped
electrons
stopped

electrons whiz through
dust temperature
is determined by
gas density

There is a degeneracy between grain radii & plasma densities
required to heat the dust to 180 K with electrons

Tgas = 5 ⇥ 106 K

~180 K

dust grains are
transparent
to electrons
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ne ⇡ 10 cm

~180 K

electrons are
stopped in
the grains

ne ⇡ 104 cm
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Grain destruction by thermo-kinetic sputtering
⌧sput
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silicate dust

For ne ≈ 104 cm-3 and
Tgas ≈ 106 K
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carbon dust

⌧sput ⇡ 1

Depending on grain size and composition:
dust is destroyed on a dynamical timescale!

15 yr

The Evolution of the IR Emission since
the time since the first shock-ER encounter
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More mathematical treatment
in Dwek + 2008
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What do observations tell us?
Three observing periods
✦

days 6800 – 7950 :

Photometry at 3.6 – 24 µm
and 5 – 30 µm spectroscopy

✦

day ~ 8000:

Photometry at 3.6 – 24 µm

✦

days 8600 – 10,400 : 3.6 and 4.5 µm photometry

Days 6800 – 8000
fluxes are increasing spectral shape unchanged

⌧sput > t
No. 1, 2010

plasma conditions fixed

FIVE YEARS OF MID-IR EVOLUTION OF THE REMNANT OF SN 1987A

normalized
spectra

427

24 µm is good proxy
to FIR

Figure 3. Top row: the evolution of the IRAC and MIPS 24 µm luminosities (left panel) and the specific intensity of the low-resolution spectra (right panel) of the
ER. Bottom row: spectra normalized to the one obtained on day 7554 (left panel). Because of the constancy in the shape of the spectrum, any of the IRAC or MIPS
photometric fluxes can be used as a proxy for the integrated IR spectrum from the ER. The right panel depicts the almost constant ratio between the IRS integrated

The mysterious dust component
Candidates for component X
No. 1, 2010

FIVE YEARS OF MID-IR EVOLUTION OF THE REMNANT OF SN 1987A

carbon

Fe

180
462

429

175
374

Conditions for both
components to reside
in the same plasma
carbon 0.01–0.05 µm
tsput ≈ 2 yr
silicate 0.2–0.5 µm
tsput ≈ 7 yr

Fe3OFigure
4 5. Two-composition fits to the observed
infrared spectrum of the ER, indicated by the violet curve. An additional hot component consisting of either carbon,
FeS

metallic iron, iron oxide, or iron sulfite grains (red curves) provides a good fit to the 5–8 µm segment of the spectrum. The blue curve represents the spectrum of the
silicate grains, and the green curve represents the sum of the emission from the silicate and the secondary dust component.
(A color version of this figure is available in the online journal.)
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460 K
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Figure 6. Density required to collisionally heat the different grain species to
their respective temperatures given in Figure 5 as a function of grain radius.

Comparison of IR with soft X-ray fluxes
Arendt et al. 2016, AJ, 151, 62
Frank et al. 2016, preprint

The Astronomical Journal, 151:62 (21pp), 2016 March

turning over
evidence for
grain
destruction?

Figure 2. Evolution of SN 1987A as seen in the 3.6–24 μm ﬂux densities
observed with Spitzer, and the soft X-ray ﬂuxes detected with Chandra (Helder
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Both, X-ray and IR fluxes
increase with time, but
IR emission rises
less rapidly
than the X-ray
emission

Dust lifetime
Arendt et al. 2016
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4. EVOLUTION OF THE IR E
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SH and LH data adds no new i

Theoretically
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Figure 8. The top panel shows the evolution of the ﬂux densities for the data (•)
and the model of Equation (7) (dashed lines). Results at λ=3.6, 4.5, 5.8, 8,
and 24 μm are colored violet, blue, green, orange, and red, respectively. At
later times the extrapolation of the models is not a good ﬁt to the 3.6 and

≈ 1200 d

Evolution of the line emission
Arendt et al. 2016
see Fransson et al. 2015 for optical lines

Correlated with Ha from unshocked gas
Figure 15. IR emission lines with markedly increasing ﬂuxes (+ symbols with error bars) are reasonably correlated with the evolution of the Hα ﬂux (circles) from the
shocked ER material (Fransson et al. 2015). The scale factors applied to the IR lines ﬂuxes are given in the legend for each panel.
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Figure 16. IR emission lines with approximately constant ﬂuxes (+ symbols with error bars) are reasonably correlated with the evolution of the Hα ﬂux (circles) from
the unshocked ER material (Fransson et al. 2015). The scale factors applied to the IR lines ﬂuxes are given in the legend for each panel.

Infrared [Fe II] & [Si II] line emission
(Spitzer IRS)

High velocities
Suggesting shocked material
Sputtered from dust?
Ionization disequilibrium?
= [ 15, 000, +15, 000] km s

1

High velocity wings
(not present for Fe)

S data. The rising continuum levels correlate with the date of the
The spectra are not adjusted for the systemic velocity of the ER,
nds to a velocity range of [−15,000, +15,000] km s−1.
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Line diagnostic of the gas
Ha lines arise from the shocked gas
Fransson et al. 2015
ne ≈ 103 – 105 cm-3
Tgas ≈ 1000 – 3000 K

ne < 103 cm-3
Tgas ≤ 2500 K
Low compared to e.g. Pun et al. 2002

HI (7-6) @ 12.37 µm
Ha (3-2) @ 0.656 µm
The Astronomical Journal, 151:62 (21pp), 2016 March

The Astronomical Journal, 151:62 (21pp), 2016 March
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Figure 17. Expected [Ne V] line ratios as a function of density for Te=104
and 1300 K. The observed line ratios are ∼1.5±0.6 at day 6190 and
∼0.63±0.12 at later times (red lines).

Figure 18. SN 1987A H recombination line ratios compared to Case B recombination (Hummer & Storey 1987). (Upper left) the Case B ratio of Hα/H(7-6) is plotted
as a function of density for various temperatures (1000 K<Te<7500 K). The observed line ratio and its ±1σ uncertainty range are shown by the red lines. (Upper
right) The same Hα/H(7-6) is plotted as contours as a function of ne and Te. The ±1σ uncertainty range is indicated by the shaded red band at the low temperature and
density limits of the calculations. (Lower panels) These show similar plots for the case B and observed line ratios of Hα/[H(6-5)+H(8-6)].

emission is ∼2 times warmer and ∼100 times fainter (in the
Rayleigh–Jeans tail). Therefore the mass of this hot dust is only
∼0.5% of the total dust in the ER, with a large uncertainty
depending on the actual emissivity of these grains of uncertain
composition. (If the hot dust component is stochastically heated
rather than at equilibrium temperatures, then its total dust mass
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