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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

10 µm

ejecta

day 6067

ring

T-ReCS instrument on the Gemini South 8m telescope  ��
(Bouchet et al. 2004)

Hubble Space Telescope



Shock-heated circumstellar dust

T-ReCS observations resolved the ring, 
but with only two wavelengths, it could 

not constraints the dust composition
11.7 !m 18.3 !m

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

Fig. 3.—Overlays of the contour images obtained with ACIS on 2005 January 9Y13 on board Chandra, superposed on the T-ReCS Si5 (a) and Qa (b) image. The
T-ReCS image has been smoothed 2 pixels (0B18).

Fig. 4.—Top: Contours from the ATCA image obtained on 2003 July 31 in the 12 mm band (16Y26 GHz) superposed on the (a) T-ReCS Si5 and (b) Qa images.
Bottom: ATCA image at same frequencies obtained on 2004 May 5 (ATNF Web site) with contours from T-ReCS at (c) 11.7 !m and (d) 18.3 !m. The T-ReCS
image have been smoothed 2 pixels (0B18).

0.0050! m. This is shorter than the grainÕs cooling time at 170 K,
which is about 10 s (Dwek 1986), suggesting that the dust can
maintain an equilibrium temperature at that value.

Collisions with protons can deposit a signiÞcantly larger amount
of energy in the dust. Typical proton energies in the shocked gas are
! 5 keV, and the stopping power for protons with that energy is
about 240 MeV cm2 g" 1.11The energy deposited in a 0.0050! m
radius dust particle is then about 6; 10" 10 ergs, which is about
equal to the internal energy of the dust grain at 170 K. So colli-
sions with protons and heavier nuclei can be neglected, if they
are in thermal equilibrium with the electrons, because of their
lower collision rate. However, if the electron and ion tempera-
tures are not equilibrated behind the shock, then the dust heating
rate will be dominated by collisions with the protons. The time be-
tween successive collisions will be about 40 s for a proton density
of 300 cm" 3. The grains should therefore cool to a temperature of
about 100 K before another collision will take place. However, the
data does not support such a broad range of dust temperatures, sug-
gesting that the gas density could be somewhat higher (by a factor
of ! 3), in which case the dust will cool only to a temperature of
! 140 K, which may be more consistent with the observations.

All these scenarios support the idea that the dust temperature
in the X-ray-emitting gas does not ßuctuate wildly about the
equilibrium dust temperature, which can still provide strong con-

straints on the density and the equilibration of the electron and
ion temperatures in the postshock gas.

4.4.Dust in the Dense Knots of the Equatorial Ring

The UVO light-emitting knots discovered with theHST re-
semble a string of beads uniformly distributed along the ER.
Figures 16 and 17 depict the map of the dust optical depth
overlaid with contour levels of theHST emission obtained on
2004 December 15 (day 6502), the closest to our 11.7! m ob-
servations. The data look very similar, but the IR emission seems
to emanate from a somewhat wider region than the optical emis-
sion, an effect that cannot be entirely accounted for by the lower
resolution of the IR data.

Nevertheless, the good correlation between the IR emission
maps and theHST image, suggest that a signiÞcant fraction, if
not most, of the mid-IR emission may be emanating from the
knots. The physical conditions of a particular knot (spot 1 on
the ER) have been modeled in detail by Pun et al. (2002), from
the analysis of the UV/optical line emission detected by theHST
Space Telescope Imaging Spectrograph (STIS). They found that
the UV ßuxes could be Þtted with a model consisting of two
shocks with velocities ofvs # 135 and 250 km s" 1 expanding
into preshock densities ofn0 # 3:3 ; 104 and 104 cm" 3, respec-
tively. The postshock temperatures behind the slow and fast shocks
areTs # 4:5 ; 105, and 1:5 ; 106 K, with gas cooling rates of
!(T ) $ 10" 22 ergs cm3 s" 1. The cooling time of the shocked
gas is given bytcool # kTs/n!(Ts) and is equal to$ 0.1 and 2 yr
for the slow and fast shock, respectively (Pun et al. 2002). The

Fig. 16.Ñ(a) Montage of the mid-IR 11.7! m image of the ER (red ) and theHST F625W image obtained on day 6502 (yellow); (b) same as (a) with theHST image
(yellow) 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 theHST F625W image (yellow);
(d ) same as (c) with theHST image convolved to match the T-ReCS Qa angular resolution.

11 For NIST tabulated values, see http://physics.nist.gov/PhysRef Data /Star/
Text /PSTAR.html.
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IR emission is generated by shock-heated 
circumstellar dust 

Spitzer Ð MIPS  24 µm   (day 6184)
                    IRAC 3.6Ð8 µm (day 6130)
                    IRS  12Ð37 µm (day 6190)

Tdust ! 180±15 K
         Mdust ! (1Ð2)x10-6 Msun

Spitzer observations 
day 6190

(Gehrz, Polomski)

Te ! 4 " 106 K
ne ⇡ (0.3� 1)⇥ 104 cm�3

T-ReCS (day 6526)

Spitzer (day 6190)

mystery component

Shock-heated silicate dust

Dust:

Plasma:



Collisional Heating of Dust

!v" # T1/ 2
g dust luminosity is proportional 

to the dust mass

electrons   stopped 

electrons whiz through 

In 
equilibrium

electrons   
stopped 

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

dust grains are  
transparent  
to electrons

 electrons are  
stopped in 
 the grains

ne ! 103 cm! 3

ne ! 104 cm! 3

Tgas = 5 ! 106 K

~180 K

~180 K



Grain destruction by thermo-kinetic sputtering

Depending on grain size and composition:

dust is destroyed on a dynamical timescale!

For  ne ! 104 cm-3 and 
Tgas ! 106 K

⌧sput ⇡ 106
a(µm)

n(cm�3)
! sput ! 3 " 105
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The Evolution of the IR Emission since��
the time since the Þrst shock-ER encounter

Vol ~ t

Vol ~ t2

Vol ~ t3

vs

! ! ! vs " t

! sput > t

vs Vol ~  Þx

Vol ~ t

Vol ~ t2

! ! ! vs " "sput

! sput < t

More mathematical treatment 
in Dwek + 2008



What do observations tell us?

! days 6800 Ð 7950 :     Photometry at 3.6 Ð 24 µm
                                   and 5 Ð 30 µm spectroscopy

!   day ~ 8000:                Photometry at 3.6 Ð 24 µm

! days 8600 Ð 10,400 :  3.6 and 4.5 µm photometry

Three observing periods



Days 6800 Ð"8000 

No. 1, 2010 FIVE YEARS OF MID-IR EVOLUTION OF THE REMNANT OF SN 1987A 427

Figure 3. Top row: the evolution of the IRAC and MIPS 24µm luminosities (left panel) and the speciÞc 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 ßuxes 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
over the 5Ð30µm spectrum to the 24µm luminosity.
(A color version of this Þgure is available in the online journal.)

may be accurate for Star 2, which is identiÞed as a B2 III star
(Walborn et al.1993; Scuderi et al.1996). However, Walborn
et al. (1993) report both an IR excess and a variability by at
least∆m = 1 mag for Star 3. The ßuxes in Figure3 are plotted
after subtraction of the emission of Stars 2 and 3 under these
assumptions.

IRS observations were reduced starting with the BCD and
using the basic steps outlined in the IRS Data Handbook.
For the low-resolution (R ! 60Ð120) data, we constructed a
two-dimensional background frame using the observations of
a speciÞc off-source target position. IRSCLEANMASK was
used to identify and clean rouge pixels in the background-
subtracted BCD frames. The cleaned BCD data were averaged
for each nod (positions of the source at 1/ 3 or 2/ 3 the length
of the slit), and spectra were extracted from these super BCDs
using theSpitzerIRS Custom Extraction (SPICE) software.10

After extraction, the spectra orders were merged to produce
the full spectra shown in Figure3 (top right panel). The high-
resolution (R ! 600) data were processed in a similar fashion.
The major difference was that instead of using a background
from a dedicated off-source target, the background is derived
from the average of two pointings that ßank the SN on opposite
sides (15"" and 25"" away for the short high-resolution (SH) and
long high-resolution (LH) spectra, respectively). The position

10 http://ssc.spitzer.caltech.edu/dataanalysistools/tools/spice/

angle of these pointings varied as dictated by the scheduling of
the observations, but the distance of the pointings from the SN
remained constant. For both the high- and low-resolution data,
we used the Spectroscopic Modeling Analysis and Reduction
Tool11 (SMART) to Þt and extract line ßuxes.

3. THE EVOLUTION OF THE INFRARED EMISSION AND
THE DUST COMPOSITION IN THE ER

Figure 3 depicts the evolution of the IRAC and MIPS
broadband photometry (top left panel), and the low-resolution
IRS spectrum of SNR 1987A (top right panel), as a function
of time. The relatively strong background may affect the
continuum at! > 20µm and the [Neiii ] 15.6 µm and [Siii ]
18.7, 33.5µm emission lines. Line emission from SN 1987A
and its surrounding medium will be presented elsewhere (R. G.
Arendt et al. 2011, in preparation). The Þgures show that the
IR ßux is rising smoothly in all bands, increasing by a factor of
! 3 between days 6190 and 7980. The bottom left panel of the
Þgure shows the spectra normalized by least-squares Þt to the
one obtained on day 7554. The spectrum maintained a nearly
constant shape throughout the 1800 days of observations. This
constancy enables the use of any IRAC or 24µm MIPS band as
a proxy of the total integrated IR ßux from the ER. The bottom

11 http://ssc.spitzer.caltech.edu/dataanalysistools/tools/contributed/irs/smart/

24 µm is good proxy
 to FIR

normalized
spectra

ßuxes are increasing

! sput > t

spectral shape unchanged

plasma conditions Þxed



The mysterious dust component
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Figure 5. Two-composition Þts to the observed infrared spectrum of the ER, indicated by the violet curve. An additional hot component consisting of either carbon,
metallic iron, iron oxide, or iron sulÞte grains (red curves) provides a good Þt to the 5Ð8µm 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 Þgure is available in the online journal.)

4. PLASMA CONDITIONS AS DERIVED FROM IR
OBSERVATIONS

Figure6 shows the plasma densities required to collisionally
heat the different grain types to their respective temperatures
given in Figure5 as a function of grain radius. The grains
are assumed to be embedded in an ionized plasma with a
temperature of 5! 106 K, reßecting the average temperature
of the soft X-ray component (see Section5). If we require
both dust components to arise from the same gas, then only
the carbon grains support a range of plasma densities (enclosed
between the two horizontal dashed lines) that overlap with
that of the silicate grains. So the IR spectrum of the ER
is consistent with the emission from a population of small
(a ! 0.05µm) carbon grains intermixed with a population
of large (a " 0.20µm) silicate grains embedded in a plasma
with a densityne " nH " (2Ð4)! 104 cm# 3. Requiring a
common environment for the two dust components rules out
the other dust compositions (Fe, Fe3O4, and FeS) as viable dust
candidates. Alternatively, the emission could arise from these
non-carbonaceous grains, provided they reside in a signiÞcantly
denser phase (ne " 2! 105 cm# 3) of the X-ray emitting gas. This
phase then has to be tightly correlated with the lower density
one in order to explain the tight correlation between the IR light
curves of the two dust emission components.

In principle, the second dust component could consist of
grains that have formed in the SN ejecta. There is ample
evidence for the formation of dust in SN 1987A (Moseley et al.
1989; Lucy et al.1991; Wooden et al.1993). In particular, the
disappearance of IR Þne structure line emission from Fe has

Figure 6. Density required to collisionally heat the different grain species to
their respective temperatures given in Figure5 as a function of grain radius.
Details in the text.
(A color version of this Þgure is available in the online journal.)

been interpreted as evidence for the formation of iron dust in
the ejecta (Dwek et al.1992; Wooden1997). However, it is
unlikely that this second dust component is ejecta dust. The
total IR luminosity of this second dust component is about
1036 erg s# 1, calculated for a distance of 50 kpc to the SN. This
luminosity is higher by a factor of$ 102 from that expected
from the radioactive decay of44Ti, assuming that$ 10# 4 M%
of 44Ca was produced in the explosion (Woosley et al.1989).

175

165

180

174

462 374

400 390

carbon Fe

Fe3O4 FeS

Candidates for component X Conditions for both 
components to reside 
in the same plasma

carbon    0.01Ð0.05 µm
     tsput ! 2 yr
silicate    0.2Ð0.5 µm
    tsput ! 7 yr
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Figure 5. Two-composition Þts to the observed infrared spectrum of the ER, indicated by the violet curve. An additional hot component consisting of either carbon,
metallic iron, iron oxide, or iron sulÞte grains (red curves) provides a good Þt to the 5Ð8µm 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 Þgure is available in the online journal.)
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heat the different grain types to their respective temperatures
given in Figure5 as a function of grain radius. The grains
are assumed to be embedded in an ionized plasma with a
temperature of 5! 106 K, reßecting the average temperature
of the soft X-ray component (see Section5). If we require
both dust components to arise from the same gas, then only
the carbon grains support a range of plasma densities (enclosed
between the two horizontal dashed lines) that overlap with
that of the silicate grains. So the IR spectrum of the ER
is consistent with the emission from a population of small
(a ! 0.05µm) carbon grains intermixed with a population
of large (a " 0.20µm) silicate grains embedded in a plasma
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non-carbonaceous grains, provided they reside in a signiÞcantly
denser phase (ne " 2! 105 cm# 3) of the X-ray emitting gas. This
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one in order to explain the tight correlation between the IR light
curves of the two dust emission components.

In principle, the second dust component could consist of
grains that have formed in the SN ejecta. There is ample
evidence for the formation of dust in SN 1987A (Moseley et al.
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disappearance of IR Þne structure line emission from Fe has

Figure 6. Density required to collisionally heat the different grain species to
their respective temperatures given in Figure5 as a function of grain radius.
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been interpreted as evidence for the formation of iron dust in
the ejecta (Dwek et al.1992; Wooden1997). However, it is
unlikely that this second dust component is ejecta dust. The
total IR luminosity of this second dust component is about
1036 erg s# 1, calculated for a distance of 50 kpc to the SN. This
luminosity is higher by a factor of$ 102 from that expected
from the radioactive decay of44Ti, assuming that$ 10# 4 M%
of 44Ca was produced in the explosion (Woosley et al.1989).
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Comparison of IR with soft X-ray ßuxes
Arendt et al. 2016, AJ,  151, 62

relatively low signal-to-noise of the data at some epochs, both
of which affect the spectral! tting, the light curve of the
integrated soft X-ray component is much noisier than that of
the simple 0.5Ð2 keV in-band" ux.

A strong correlation between the evolution of the X-ray and
IR luminosity would be an indication that the mid-IR emission
of SN 1987A is from collisionally heated dust in the ER, as
both the IR and X-ray emission should be proportional to the
mass of shocked material. Figure3 shows the evolution of" ux
density,S(λ), at each IR wavelength,λ, compared to scaled
versions of the soft X-ray emission,S(X):

S t a S X t, , . 1( ) ( ) ( ) ( )l l=

The empirical! tting parametera corresponds to a constant IRX
ratio (Dwek et al.1987; Dwek & Arendt1992):

n T n TIRX , 2dust dust gas H gas gas( ) ( ) ( )= L L

whereTgasis the gas temperature,! dust(Tgas) and! gas(Tgas) are
the in-band cooling functions of the dust and gas,ndust is the
number density of dust grains, andnH is the number density of
hydrogen. This is for collisional heating of the dust. For
radiative heating, the dust cooling function will depend on the
radiation ! eld rather than the gas temperature. The relative
importance of radiative versus collisional heating of dust in
supernova remnants has been discussed by Arendt et al.(1999),
Andersen et al.(2011), and in more general circumstances by
Bocchio et al.(2013). In all cases we only use data from days
6000 to 8000 to determine the parametera. The! t is generally
not very good, indicating that the simplest model, given by
Equation(1), fails. However, the! t is signi! cantly improved if
the model allows a constant" ux density offset,b:

S t a S X t b, , 3( ) ( ) ( ) ( ) ( )l l l= +

as shown in Figure3. A non-zero value for the parameterb
could indicate a systematic error in the measurement of the" ux
densities of SN 1987A, e.g., error in the subtraction of the
contribution of nearby Stars 2 and 3. The parameterb would
also account for a component of the SNÕs IR or X-ray emission

that does not exhibit the same correlated temporal variation as
the bulk of the emission.

Using the 24μm emission as the reference instead of the
X-ray emission provides a check on whether the IR emission is
evolving in a consistent manner across all wavelengths. This
comparison is also shown in Figure3. As with the X-ray
emission, the shorter wavelengths are consistent with the
24μm emission only if a constant emission component is
present at each IR wavelength. The! t parameters(a, b)
required here are consistent with those derived from the X-ray
comparison given by Equation(3).

At 3.6 and 4.5μm, the comparison to X-ray emission can be
extended over for the longer time intervals from day 6000 to
day 11,000. In these cases, the required constant term is
increased such that it accounts for nearly all of the emission at
day 6000, and the ratio of the evolving IR to X-ray emission
drops correspondingly. Consistent results are obtained when
the 3.6μm " ux density evolution is compared directly to that
at 4.5μm.

3.2. IRX Evolution

The empirical models described in the preceding subsection
assume that the ratio of IR to X-ray emission should remain
constant as the brightness evolves. However, a changing value
of IRX could eliminate the need for a strong non-evolving IR
emission component in the comparison of IR and X-ray
emission. The IRX would be expected to change if the physical
conditions(temperature, density, or dust-to-gas mass ratio) in
the shocked gas change over time. The ratio of hard to soft
X-ray emission has remained nearly constant since day! 6000
(see Table!1 of Helder et al.2013), therefore a decreasing IRX
may indicate ongoing grain destruction and evolution of the
dust to gas mass rationdust/ ngas. Apart from the explicit
dependence of the IRX on the dust to gas mass ratio and the gas
temperature, see Equation(2), its numerical value will also
depend on the dust grain size distribution, and on the
abundances and ionization state of the gas.

A simple model that would allow divergent but related
evolution of the IR and X-ray emission can be written as

S t S X t t t, , 40( ) ( )( ) ( )l a= - b

wheret0 represents the time at which the forward shock began
interaction with the ER,α is the nominal IRX at that time, and
β characterizes the evolution of IRX over time. Ifβ!= !0 we
recover the constant IRX assumption of the model in
Equation(1). Assumingt0, we can solve for the free parameters
α andβ by performing a linear! t to:

S t S X t t tlog , , log . 50[ ( ) ( )] ( ) ( )l b a= - +

For the choice oft0!= !4600, we deriveβ!= !! 1.0 for both 3.6
and 4.5μm data. However, at this samet0, β increases with
wavelength, reaching! 0.6 for the 24μm data. Because there is
a strong correlation betweent0 and β in this model, we can
force β!= !! 1.0 for each wavelength by makingt0(λ) a
function of wavelength, e.g.,t0(24μm)!= !3270.

The value ofβ!= !! 1 is of particular interest. If the volume
of the X-ray emitting gas is accumulating as a power law
function oft t0- , integrated fromt0 to t1, but the volume of the
IR emitting region is restricted to a layer representing a! nite
duration behind the shock front, i.e., an integral fromt t1 - D to
t1, then the IRX should evolve ast t0

1( )- - for t t t0( )D -��

Figure 2. Evolution of SN 1987A as seen in the 3.6Ð24μm " ux densities
observed withSpitzer, and the soft X-ray" uxes detected withChandra(Helder
et al.2013). Until 2009, the IR emission had been nearly proportional to the
soft X-ray emission.Spitzer/ IRAC warm mission data since 2009 have shown
that the 3.6 and 4.5μm " ux densities have deviated from the X-ray trend, and
have begun to decline slowly.
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Frank et al. 2016, preprint



Evolution of IRX  !
ndust ! dust (Tgas)

ngas nH ! gas(Tgas)
X-ray cummulative  
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dust is destroyed 
FIR~ t
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t0 ! 5500 days 
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Dust lifetime

data. The form of the model is thus:
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The fits for this models are shown in Figure8. The relative
accuracy of this model is∼3% at 3.6μm and∼2% at 4.5μm
(shown later in Figure10).

3.4. IR–Optical Evolution

Figure9 shows the evolution of the IR emission measured by
Spitzer compared to the optical emission in the B and R bands
measured byHST (Fransson et al.2015). The correlations are
moderately good in both cases, but are better for the B band,
which is dominated by the emission lines of Hγ, Hδ, and[SII]

0.4069μm (Fransson et al.2015). Figure 10 (upper panels)
illustrates that the application of Equation(1), but using the
optical instead of the X-ray emission, provides a surprisingly
effective model of the IR emission, especially when using the B
band optical emission. However, the lower panels of thefigure
show that the IR emission is more closely matched by the
previously discussed functions of the X-ray emission.

These correlations between the optical and the IR emission
may indicate the IR and optical emission originate in the same,
or closely related, regions of the shocked ER. However,
examination of the radiative luminosity of the SN at various
wavelengths indicates that it is unlikely the dust heating can be
predominantly radiative. Radiation from the ER is dominated
by UV–X-ray emission with a total 0.01–8 keV luminosity of
∼1460Le (France et al.2015). The ER dust has an integrated
IR luminosity of L1450~ �: . Radiative heating would require
that half of the ER emission is absorbed by dust within the ring.
The required optical depth is inconsistent with gas phase
abundances indicating little depletion into dust(e.g., Mattila
et al.2010) and spectral analysis which requires only Galactic
+ LMC line of sight extinction corrections(e.g., Pun
et al.2002; Gršningsson et al.2008b).

4. EVOLUTION OF THE IR EMISSION LINES

4.1. Line Identi! cation

The atomic spectral lines seen in the mid-IR are usually the
ground statefine-structure transitions of various ionized
species. One or more higher-lying H recombination lines are
seen, and one excited state transition of[FeII] is detected.
Cutouts of the lines in the SH and LH data are shown in
Figure 11, and lines in the SL and LL data are shown in
Figure12. Here we only discuss the lines, as the continuum in
the SL and LL spectra has been analyzed by Bouchet et al.
(2006) and (Dwek et al.2008, 2010). The continuum in the
SH and LH data adds no new information and is less
reliably measured as the concatenation of many spectral
orders.

Nearly all of the observed emission lines can be attributed to
the emission ring, as the widths of most lines seem to be
unresolved at theR∼600 resolution of the IRS SH and LH
modules. However this spectral resolution is insufficient to
distinguish between the ionized but unshocked component of
the ring and the shocked component of the ring, which are
clearly seen as narrow(FWHM∼10 km s−1) and intermediate
(FWHM∼300 km s−1) width components in high resolution
optical spectra(e.g., Gršningsson et al.2008a).

One apparent exception is the[Si II] line at 34.81μm. At all
epochs (barring the low signal to noise data of the initial
observations at day 6109), this emission line seems to beflanked
by a pair of lines at velocities of±1700 km s−1 with respect to
the central component. The background spectra do not show any
indication of the shifted lines. The velocities of theflanking lines
are large compared to the velocities associated with shocked
emission ring, but fairly small compared to the velocity of the
SN ejecta. The distinctness of theflanking lines implies that they
are not produced by an expanding spherical distribution(either a
shell or afilled sphere) of material. Either a bi-polar or an
expanding ring-shaped distribution could produce theflanking
lines. The homunculus in theη Car nebula is an example of a
bipolar structure in the circumstellar medium of a massive star.
However its expansion velocity is lower, at∼600–800 kms−1

Figure 8.The top panel shows the evolution of theflux densities for the data(•)
and the model of Equation(7) (dashed lines). Results atλ=3.6, 4.5, 5.8, 8,
and 24μm are colored violet, blue, green, orange, and red, respectively. At
later times the extrapolation of the models is not a goodfit to the 3.6 and
4.5μm data. The bottom panel shows that the ratio between this model and the
data is constant at early times, but appears to fall linearly after day∼7500.
Modifying the model with another factor representing a linear decay after day
7500(Equation(10)) provides a goodfit to the 3.6 and 4.5μm data(solid lines)
in both theflux densities(top) and the ratios(bottom).
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Evolution of the line emission
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see Fransson et al. 2015 for optical lines

Figure 15. IR emission lines with markedly increasing ! uxes (+ symbols with error bars) are reasonably correlated with the evolution of the Hα ! ux (circles) from the
shocked ER material (Fransson et al. 2015). The scale factors applied to the IR lines ! uxes are given in the legend for each panel.

Figure 16. IR emission lines with approximately constant ! uxes (+ symbols with error bars) are reasonably correlated with the evolution of the Hα ! ux (circles) from
the unshocked ER material (Fransson et al. 2015). The scale factors applied to the IR lines ! uxes are given in the legend for each panel.
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Infrared [Fe II] & [Si  II] line emission  
(Spitzer IRS)

wings on both the red and blue sides of the [O IV] and [Fe II]
pair. The blue wing may be a separate line that is only
marginally resolved from the [O IV] line. Bouchet et al. (2006)
had pointed out that this feature could be [F IV] 25.83 μm
(based on the line list used by SMART8). However, we now
believe the [F IV] identification is unlikely because (a) other line
lists9 cite a wavelength of 25.76Ð25.773 for this line, making
the wavelength agreement worse, (b) no other fluorine lines are
observed ([F I] 24.75, [F II] 29.33, nor [F V] 13.40 μm) despite
the fact that they lie in spectral regions with low noise, and (c)
there are many other elements that are normally much more
abundant than fluorine that are not seen in the spectrum. If not
[F IV], then this blue wing is probably a velocity shifted
component of [O IV] or [Fe II]. If [O IV], it is a velocity structure
not seen in any other lines. If [Fe II], it may correspond to the
flanking lines of [Si II], however there is no corresponding
feature on the red side. The red wing that is present on the
26 μm complex is much broader than the blue wing. We
presume that it represents a higher velocity distribution of

[Fe II]. The 26 μm complex was fitted iteratively for [O IV],
[Fe II], [F IV] (or blue wing component), and the broad [Fe II]
component, subtracting each line before fitting the next.
The complex of [Si II] and [Fe II] lines at 35 μm was also fitted

iteratively. The central [Si II] line was fitted first. It usually has
the largest width, which is possibly influenced by blending with
the red and blueshifted components. In contrast, a simultaneous
fit for all three [Si II] lines often derives a much smaller width
and a proportionally small flux for the central [Si II] line. Thus
the individual [Si II] line fluxes may be uncertain by nearly a
factor of 2 due to systematic effects, but the integrated flux of all
three [Si II] lines is consistent within 5%. The Gaussian fits to all
lines in the SH and LH spectra at all epochs are listed in Table 2.
The IRS SL module provides coverage of the

5!< !λ!< !10 μm region which is inaccessible with the SH
module. The strongest line seen here is [Ar II] 6.99 μm which is
clearly seen at all dates. The [Ni II] 6.64 μm line (the single
ground state fine structure transition of this species) is not so
clear in the earliest data, but seems to be present in the later
observations. Additional lines may be present near 7.48 and
7.65 μm. These features lie near the ends of the spectral orders
of the IRS modules and are thus somewhat less reliable, but
they do seem be present in multiple orders and at many or all

Figure 12. Spectral lines of SN 1987A as seen in the low spectral resolution SL+ LL SpitzerIRS data. The rising continuum levels correlate with the date of the
observations. The dotted lines at constant wavelength indicate the rest wavelength of each line. The spectra are not adjusted for the systemic velocity of the ER,
! 287 km!s−1 (Gröningsson et al. 2008a). For each line, the wavelength range displayed corresponds to a velocity range of [−15,000, + 15,000] km s−1.

8 http://www.ipac.caltech.edu/iso/lws/ir_lines.html
9 http://www.pa.uky.edu/~peter/atomic/ and http://physics.nist.gov/
PhysRefData/ASD/index.html
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(based on the line list used by SMART8). However, we now
believe the [F IV] identification is unlikely because (a) other line
lists9 cite a wavelength of 25.76Ð25.773 for this line, making
the wavelength agreement worse, (b) no other fluorine lines are
observed ([F I] 24.75, [F II] 29.33, nor [F V] 13.40 ! m) despite
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26 ! m complex is much broader than the blue wing. We
presume that it represents a higher velocity distribution of
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component, subtracting each line before fitting the next.
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iteratively. The central [Si II] line was fitted first. It usually has
the largest width, which is possibly influenced by blending with
the red and blueshifted components. In contrast, a simultaneous
fit for all three [Si II] lines often derives a much smaller width
and a proportionally small flux for the central [Si II] line. Thus
the individual [Si II] line fluxes may be uncertain by nearly a
factor of 2 due to systematic effects, but the integrated flux of all
three [Si II] lines is consistent within 5%. The Gaussian fits to all
lines in the SH and LH spectra at all epochs are listed in Table 2.
The IRS SL module provides coverage of the

5<" <10 ! m region which is inaccessible with the SH
module. The strongest line seen here is [Ar II] 6.99 ! m which is
clearly seen at all dates. The [Ni II] 6.64 ! m line (the single
ground state fine structure transition of this species) is not so
clear in the earliest data, but seems to be present in the later
observations. Additional lines may be present near 7.48 and
7.65 ! m. These features lie near the ends of the spectral orders
of the IRS modules and are thus somewhat less reliable, but
they do seem be present in multiple orders and at many or all

Figure 12. Spectral lines of SN 1987A as seen in the low spectral resolution SL+LL Spitzer IRS data. The rising continuum levels correlate with the date of the
observations. The dotted lines at constant wavelength indicate the rest wavelength of each line. The spectra are not adjusted for the systemic velocity of the ER,
∼287 kms−1 (Gröningsson et al. 2008a). For each line, the wavelength range displayed corresponds to a velocity range of [−15,000, +15,000] km s−1.

8 http://www.ipac.caltech.edu/iso/lws/ir_lines.html
9 http://www.pa.uky.edu/~peter/atomic/ and http://physics.nist.gov/
PhysRefData/ASD/index.html
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Line diagnostic of the gas

invoke a 102 cm! 3 component distributed over a wider area to
account for the evolution of high-ionization lines at late times
(days 5000–7500). So the densities suggest that the H and Ne
emission lines may arise from the regional outside of the ER,
perhaps associated with multiple ejections from the precursor.
However implied the low gas temperature remains at odds with
prior analyses, and seems unlikely since the recombination rate
for NeV is several times higher than the cooling rate(assuming
solar abundances; Osterbrock1989; Draine2011).

6. SUMMARY

More than 10 years ofSpitzer broadband mid-IR photometry
of SN 1987A have now shown that the 3.6 and 4.5μm
emission associated with the ER has peaked and is now in a
declining phase.

The IR emission is not directly proportional to the X-ray
emission, which would be expected if the dust is collisionally
heated and the dust-to-gas mass ratio remains constant.

The IRX does seem to evolve ast t0 1( )- - , which is
consistent with an accumulating mass of shocked gas behind
the ER shocks, but afinite zone of IR emission, limited by the
dust destruction timescales that are short compared to the gas
cooling timescale.

The dust mass itself can grow linearly ast t0( )- at early
times(the dust temperature remains constant), but must begin

decreasing after about day 7500 to match the 3.6 and 4.5μm
light curves.

The timet0 and its apparent variation with wavelength can be
interpreted either as(a) an indication of evaporation of small
grains by the UVflash, or(b) the initial preferential destruction
of large grains via grain–grain collisions in the post-shock gas.

The IR light curve is also in fair agreement with the latest
optical light curves(particularly the B band), which have
indicated that the peak of the interaction with the ER has
passed.

IR emission lines seem to arise from two regions. One set of
lines is characterized by relatively constant emission, as
matched by the evolution of narrow(pre-shock) optical
emission lines. The other set of lines includes odd high-
velocity components, and seems to match the evolution of the
optical lines from the post-shock ER regions. These lines may
indicate possible fossil circumstellar remnants, distinct from the
ER, produced by the SN precursor.

This work is based on observations made with theSpitzer
Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract
with NASA. Support for this work was provided by NASA.
This research has made use of NASA’s Astrophysics Data
System Bibliographic Services. ED was supported by NASA

Figure 18. SN 1987A H recombination line ratios compared to Case B recombination(Hummer & Storey1987). (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 ofne andTe. 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)].
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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
would be larger because only a small fraction of the dust would
be contributing to the short wavelength emission.) The evident
destruction of this hot dust component is not necessarily
indicative of significant reduction in the total dust mass of
the ER.

The IRX evolution model of Equation(6), as shown in
Figure 4, indicates a correlation between wavelength andt0.
The parametert0 is the extrapolatedtime at which the IR
emission began the trend ofS IR t S X t t, ,( ) ( )¢ ~ ¢ ¢ where
t t t0¢ = - . It is unclear if this trend really does extrapolate
back tot0, but if so, we can suggest two potential reasons for
the correlation of wavelength andt0.

The first possibility is that the UVflash from the SN has
preferentially evaporated small dust grains, creating a gradient
in the size distribution of dust grains as a function of radius as
described by Fischera et al.(2002). In this case, the initial(near
day 3200) IR emission from the interaction of the blast wave
with the ER should be dominated by relatively large grains.
These grains do not get heated to very high temperatures, and
may thus produce strong 24μm emission but little emission at
<10μm. As the blast wave expands further into the ring, near
day 4500 it may begin encountering smaller grains that were
sufficiently distant or shielded from the SN to have escaped
evaporation. These smaller grains would be heated to higher
temperatures capable of producing the observed emission and
IRX trends at 3.6 and 4.5μm. If this scenario is valid it would
suggest that the small grains emitting at the shortest
wavelengths arenot carbonaceous. Fischera et al.(2002) show
that the UVflash is significantly less effective at evaporating
graphite grains than silicate or iron grains. Therefore, small
carbonaceous grains would be encountered at earlier times than
large(or any) silicate grains.

The second possibility is that grain–grain collisions in the
post-shock gas are fragmenting larger grains into smaller ones.
The resultt0 = 3251 at 24μm would be interpreted as there

having been sufficient time for all of the largest grains to be
destroyed in the post-shock region. The resultt0 = 4523 at
3.6μm would indicate that smaller grains are present for an
additional! 3.5 years after the destruction of the largest grains.
However, grain–grain collisions are generally most effective in
the cases of much slower shocks(e.g., 10 s of km s−1)
propagating into media at least as dense as the ER. In these
higher velocity shocks, thermal and non-thermal sputtering
would be the dominant destruction mechanism(Dwek et al.
2010), and small grains should be destroyed more rapidly than
the larger grains.

5.2. Emission Line(Gas) Evolution

The observed IR emission lines are mostly collisionally
excitedfine structure transitions in the ground state of various
ions. The lines identified are typical of those seen in other
supernova remnants(Arendt et al.1999; Oliva et al. 1999;
Temim et al.2006; Neufeld et al.2007; Smith et al.2009;
Andersen et al.2011; Ghavamian et al.2012; Sankrit
et al. 2014). The accuracy of the measurement of the line
strengths is limited by the modest S/ N of some lines, and the
presence of strong(sometimes dominant) and structured
background emission from the ISM in some of the lines.

The evolution of the IR emission lines is puzzling. Many of
the emission lines seem to show little evolution, consistent with
the minimal evolution of optical emission lines from the
unshocked portion of the ER(Figure16). However, these lines
include highly ionized species such as NeV and OIV, which
have much higher ionization potentials than other lines
attributed to the unshocked portion of the ER.

Another puzzle is presented by the higher velocity
components of the FeII and SiII lines. These lines may
originate in gas phase material, but they may also represent
material that has been eroded from dust grains. The high
velocities suggest shocked material, and indeed these lines do
correlate with the rising intensity of the shocked Hα emission,
as well as the increasing 24μm (dust) flux density. The
velocity structures of these two lines is somewhat mysterious. It
is not clear why the SiII should showdistinct high and low
velocity components, whereas the FeII line seems to show a
simple broad component which would be expected for a
spherical distribution of material. The lines may indicate the
presence an expanding fossil remnant from the SN precursor as
in η Carinae. The Fe lines may be from a more symmetrical
fossil remnant than the Si lines.η Car has undergone multiple
eruptions(at least 3 in the last! 200 years), not all producing
the same geometry(see Smith & Gehrz1998, 2000). Alter-
natively, it may be that these lines originate in the SN ejecta,
rather than the ER or other circumstellar structures, in which
case, the velocity structures of the SiII lines may reflect uneven
distribution of Si in the ejecta. The presence of the redshifted
component would indicate that the ejecta are not(uniformly)
optically thick at! 35μm.

Thefinal puzzle presented by the emission lines is that both
the H recombination lines and the NeV lines suggest low
densities(ne103 cm−3) and low temperatures(Te2500
K). The densities are much lower than estimated for the ER
from pre-interaction observations(e.g., Plait et al.1995) or
analysis of the earliest hot spot(Michael et al.2000; Pun
et al. 2002). However, Gršningsson et al.(2008b) find
indications of densities nearly this low for the narrow line
emission of the unshocked material, and Mattila et al.(2010)

Figure 17. Expected[Ne V] line ratios as a function of density forTe=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).
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Fransson et al. 2015
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