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The optical light curve of SN 1987A
4 Leibundgut and Suntzeff
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Fig. 1. V light curve of SN1987A. The various phases are labeled.

some objects this plateau phase is conspicuously absent [80]. Most prominent
among these are SN1979C [15] and SN1980K [7].

Once the photosphere has receded deep enough, additional heating from the
radioactive decay of 56Ni and 56Co extends the plateau for a brief time [123].
Afterwards the light curve is powered solely by the radioactive decay in the
remaining nebula. The γ-rays are captured in the ejecta and converted into
optical photons, which can escape freely. At this moment the supernova light
curve drops onto the “radioactive tail.” This happens typically after about 100
days (see Fig. 1).

For a complete trapping of the γ-rays the luminosity of the late decline gives
an indication of the amount of 56Ni and 56Co decays powering the light curve
[12,99]. This can be checked with the decline rate of the bolometric light curve,
which should reflect the 56Co decay time.

Leibundgut & Suntzeff 2003
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some objects this plateau phase is conspicuously absent [80]. Most prominent
among these are SN1979C [15] and SN1980K [7].

Once the photosphere has receded deep enough, additional heating from the
radioactive decay of 56Ni and 56Co extends the plateau for a brief time [123].
Afterwards the light curve is powered solely by the radioactive decay in the
remaining nebula. The γ-rays are captured in the ejecta and converted into
optical photons, which can escape freely. At this moment the supernova light
curve drops onto the “radioactive tail.” This happens typically after about 100
days (see Fig. 1).

For a complete trapping of the γ-rays the luminosity of the late decline gives
an indication of the amount of 56Ni and 56Co decays powering the light curve
[12,99]. This can be checked with the decline rate of the bolometric light curve,
which should reflect the 56Co decay time.

Leibundgut & Suntzeff 2003

At late times a number of different 
energy sources may be important:

• Radioactive decay

• Interaction with circumstellar 
medium

• Central compact remnant

We can discriminate between these 
possibilities by studying the light 
curve.
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HST imaging
SN 1987A has been regularly monitored by HST since 1994. The 
most commonly used filters are the broad R- and B-bands.

The B-band is dominated by H and Fe I-II lines
The R-band is dominated by Hα and Ca [II]

R-bandB-band
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The ejecta light curve

The expanding 
aperture allows us 
to follow the same 
material over time
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Contamination from the ring
Some of the flux from the brightening ring will spill over into the 
region where we measure the ejecta brightness.

We can estimate this effect by creating models for the ring.

Data

Model

Open symbols = corrected ejecta fluxes 
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Contamination from the ring
Some of the flux from the brightening ring will spill over into the 
region where we measure the ejecta brightness.

We can estimate this effect by creating models for the ring.

Data

Model

Open symbols = corrected ejecta fluxes 

Ca [II] flux from
UVES observations
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A model for the declining phase
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The light curve resulting from radioactive decay was modelled 
using the code by Kozma & Fransson (1998).

The 44Ti mass used in the model is 1.5 * 10-4 Msun (Jerkstrand et 
al. 2011).
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-104 km s-1  104 km s-1

Reverse shock

ACS 2003 STIS 2004

Rising phase - Reverse shock?

-104 km s-1  104 km s-1

2004
2010

The reverse shock is less 
than 20% of the the R-
band flux.

The contribution does not 
change significantly 
between 2004 and 2010!

Boxy part is 
reverse shock
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The increase in flux is not due to the reverse shock

This is supported by UVES observations. 
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The Ca [II] lines do not 
have a reverse shock 
component. 
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Rising phase - X-ray illumination?

The rising X-ray flux from 
the ring could be 
responsible for the 
brightening of the ejecta.Racusin et al. 

2009

Model of X-ray absorption by 
the ejecta:

The absorbed fraction 
increases with time, due to the 
increasing solid angle of the 
ejecta as seen from the ring.

The Astrophysical Journal Letters, 733:L35 (5pp), 2011 June 1 Park et al.

Table 2
The Observed Chandra X-ray Flux of SNR 1987A

Agea Fluxb Fluxb

(days) (0.5–2 keV) (3–10 keV)

4609 1.52 ± 0.41 0.64 ± 0.13
4711 1.68 ± 0.25 0.79 ± 0.30
5038 2.38 ± 0.14 0.84 ± 0.08
5176 2.68 ± 0.43 1.02 ± 0.27
5407 3.57 ± 0.50 1.15 ± 0.28
5561 4.39 ± 0.35 1.35 ± 0.33
5791 5.77 ± 0.35 1.66 ± 0.15
5980 6.88 ± 0.41 1.82 ± 0.16
6157 8.70 ± 0.44 2.24 ± 0.18
6359 12.11 ± 0.61 2.21 ± 0.16
6533 16.26 ± 0.81 2.37 ± 0.26
6716 19.95 ± 0.80 2.85 ± 0.26
6914 24.23 ± 0.73 3.54 ± 0.18
7095 28.72 ± 0.86 3.98 ± 0.24
7271 33.76 ± 0.68 4.52 ± 0.32
7446 37.91 ± 1.14 4.46 ± 0.27
7626 40.89 ± 1.64 5.36 ± 0.59
7799 47.93 ± 1.92 5.55 ± 0.44
7997 51.10 ± 2.56 6.28 ± 0.69
8202 56.07 ± 2.80 7.10 ± 0.92
8429 57.25 ± 2.30 6.66 ± 0.53
8619 57.89 ± 2.90 7.88 ± 1.02

Notes.
a Days since the SN explosion.
b Observed X-ray fluxes are in units of 10−13 erg cm−2 s−1. Errors are with
90% confidence level, estimated by “flux error” command in XSPEC.

in Racusin et al. (2009). We tested any systematic discrepancy
in the radius measurements between the ACIS and HETGS
zeroth-order images using our cross-calibration data taken in
2008 July and 2009 January. We have also compared our radius
estimates between the previous and current CTI corrections.
These calibration results showed negligible discrepancies in the
radius estimates (!1%). Thus, for the data taken since 2008
July, we present the radial expansion rate based on the HETGS
zeroth-order images with the standard CTI-correction method.
The radial expansion rate has been consistent at v ∼ 1600 km s−1

for the last ∼6 yr.

4. DISCUSSION

Ever since the blast wave started interacting with dense
protrusions of the inner ring at day ∼3700, the soft X-ray
light curve showed a rapid flux increase (e.g., Park et al. 2004).
During days ∼6000–6500, the soft X-ray light curve turned up
to show a steeper flux increase rate than before (Park et al.
2005). This phase was interpreted such that the evolution of
SNR 1987A entered a stage in which the shock is reaching
the main body of the inner ring (Park et al. 2005). Such an
interpretation was supported by the significant deceleration in
the radial expansion rate at day ∼6000 (Racusin et al. 2009).
Other observational supports included the substantial decrease
in the line broadening measured by deep Chandra grating data
(Zhekov et al. 2005, 2009; Dewey et al. 2008), the prevalence
of optical spots all around the inner ring (McCray 2005), and
the significant IR flux increase (Bouchet et al. 2006) at the
same epoch. These evolutions of the X-ray light curve, radial
expansion rate, and individual line widths suggested that X-ray
emission was dominated by the blast wave interacting with the
low-density H ii region before the inner ring until day ∼4000,

(a)
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(c)

v = 7539 (+2137 −1524) km/s

v = 1625 (+444 −431) km/s

?

0.5 − 2 keV

Figure 1. (a) X-ray light curves of SNR 1987A from our Chandra monitoring
observations. The ROSAT data are taken from Hasinger et al. (1996). The shaded
area shows the range of the predicted light curve assuming that fX ∝ t−1 to t−3

starting at day ∼8600 (see the text). (b) Radial expansion measure from the
fits to the quadrilateral lobes plus torus model for the broken linear fit with
an early fast shock velocity (solid line) transitioning to the later slower shock
velocity (dashed line). (c) The temporal evolution of the fractional flux from
the transmitted shock component as estimated by the RSS model fits by Zhekov
et al. (2010).

and that since then soft X-rays primarily originate from the blast
wave interacting with the dense inner ring. Recently, line fluxes
from some individual optical spots showed a hint for flattening
of the optical light curve at day ∼7000 (Gröningsson et al.
2008).

Our Chandra monitoring observations show that the flux in-
crease rate appears to be lower at days ∼6500–8000 than at
days ∼6000–6500 (i.e., fX ∼ t6 as opposed to ∼t10 for days
∼6000–6500). Subsequently, the soft X-ray flux has been nearly
constant for ∼1.5 yr (Figure 1(a)). The latest flattening of the
X-ray light curve indicates that SNR 1987A is now entering
another phase. Assuming that the observed X-ray flux is domi-
nated by the interacting density, the X-ray flux can be considered
to be proportional to the volume emission measure EM ∼ n2

e V,
where ne is the electron density and V is the emission volume
(Although there was a deceleration in the expansion rate at day
∼6000, the shock velocity has been constant since then. Also,
the temperature dependence of the X-ray flux is small: i.e.,
fX ∝ T −0.6; McKee & Cowie 1977). The exact geometry of
the X-ray emitting volume in SNR 1987A is uncertain. Previ-
ous works suggested that the bulk of X-ray emission originates
from a disk-like shell between the forward and reverse shocks,

3

The Astrophysical Journal Letters, 733:L35 (5pp), 2011 June 1 Park et al.

Table 2
The Observed Chandra X-ray Flux of SNR 1987A

Agea Fluxb Fluxb

(days) (0.5–2 keV) (3–10 keV)

4609 1.52 ± 0.41 0.64 ± 0.13
4711 1.68 ± 0.25 0.79 ± 0.30
5038 2.38 ± 0.14 0.84 ± 0.08
5176 2.68 ± 0.43 1.02 ± 0.27
5407 3.57 ± 0.50 1.15 ± 0.28
5561 4.39 ± 0.35 1.35 ± 0.33
5791 5.77 ± 0.35 1.66 ± 0.15
5980 6.88 ± 0.41 1.82 ± 0.16
6157 8.70 ± 0.44 2.24 ± 0.18
6359 12.11 ± 0.61 2.21 ± 0.16
6533 16.26 ± 0.81 2.37 ± 0.26
6716 19.95 ± 0.80 2.85 ± 0.26
6914 24.23 ± 0.73 3.54 ± 0.18
7095 28.72 ± 0.86 3.98 ± 0.24
7271 33.76 ± 0.68 4.52 ± 0.32
7446 37.91 ± 1.14 4.46 ± 0.27
7626 40.89 ± 1.64 5.36 ± 0.59
7799 47.93 ± 1.92 5.55 ± 0.44
7997 51.10 ± 2.56 6.28 ± 0.69
8202 56.07 ± 2.80 7.10 ± 0.92
8429 57.25 ± 2.30 6.66 ± 0.53
8619 57.89 ± 2.90 7.88 ± 1.02

Notes.
a Days since the SN explosion.
b Observed X-ray fluxes are in units of 10−13 erg cm−2 s−1. Errors are with
90% confidence level, estimated by “flux error” command in XSPEC.

in Racusin et al. (2009). We tested any systematic discrepancy
in the radius measurements between the ACIS and HETGS
zeroth-order images using our cross-calibration data taken in
2008 July and 2009 January. We have also compared our radius
estimates between the previous and current CTI corrections.
These calibration results showed negligible discrepancies in the
radius estimates (!1%). Thus, for the data taken since 2008
July, we present the radial expansion rate based on the HETGS
zeroth-order images with the standard CTI-correction method.
The radial expansion rate has been consistent at v ∼ 1600 km s−1

for the last ∼6 yr.

4. DISCUSSION

Ever since the blast wave started interacting with dense
protrusions of the inner ring at day ∼3700, the soft X-ray
light curve showed a rapid flux increase (e.g., Park et al. 2004).
During days ∼6000–6500, the soft X-ray light curve turned up
to show a steeper flux increase rate than before (Park et al.
2005). This phase was interpreted such that the evolution of
SNR 1987A entered a stage in which the shock is reaching
the main body of the inner ring (Park et al. 2005). Such an
interpretation was supported by the significant deceleration in
the radial expansion rate at day ∼6000 (Racusin et al. 2009).
Other observational supports included the substantial decrease
in the line broadening measured by deep Chandra grating data
(Zhekov et al. 2005, 2009; Dewey et al. 2008), the prevalence
of optical spots all around the inner ring (McCray 2005), and
the significant IR flux increase (Bouchet et al. 2006) at the
same epoch. These evolutions of the X-ray light curve, radial
expansion rate, and individual line widths suggested that X-ray
emission was dominated by the blast wave interacting with the
low-density H ii region before the inner ring until day ∼4000,

(a)

(b)

(c)

v = 7539 (+2137 −1524) km/s

v = 1625 (+444 −431) km/s

?

0.5 − 2 keV

Figure 1. (a) X-ray light curves of SNR 1987A from our Chandra monitoring
observations. The ROSAT data are taken from Hasinger et al. (1996). The shaded
area shows the range of the predicted light curve assuming that fX ∝ t−1 to t−3

starting at day ∼8600 (see the text). (b) Radial expansion measure from the
fits to the quadrilateral lobes plus torus model for the broken linear fit with
an early fast shock velocity (solid line) transitioning to the later slower shock
velocity (dashed line). (c) The temporal evolution of the fractional flux from
the transmitted shock component as estimated by the RSS model fits by Zhekov
et al. (2010).

and that since then soft X-rays primarily originate from the blast
wave interacting with the dense inner ring. Recently, line fluxes
from some individual optical spots showed a hint for flattening
of the optical light curve at day ∼7000 (Gröningsson et al.
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days ∼6000–6500 (i.e., fX ∼ t6 as opposed to ∼t10 for days
∼6000–6500). Subsequently, the soft X-ray flux has been nearly
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another phase. Assuming that the observed X-ray flux is domi-
nated by the interacting density, the X-ray flux can be considered
to be proportional to the volume emission measure EM ∼ n2

e V,
where ne is the electron density and V is the emission volume
(Although there was a deceleration in the expansion rate at day
∼6000, the shock velocity has been constant since then. Also,
the temperature dependence of the X-ray flux is small: i.e.,
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Red lines = observed X-ray flux * fraction absorbed at 0.35 
keV * fraction emitted in the R(B) band.

The conversion efficiency from X-ray to optical is 5.0% in the 
R-band and 3.1% in the B-band. This agrees well with 
expectations from theoretical calculations. 
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Other possibilities for increase in 
flux

1. Pulsar input? 

2. Thinning dust? 

3. Positron leakage? 
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This could only give a factor of 2 compared
to the case of pure radioactivity.
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This could only give a factor of 2 compared
to the case of pure radioactivity.

This effect is also too small.

The X-ray 
illumination is 

responsible for the 
brightening
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Ejecta morphology
The external X-ray illumination affects the observed morphology 
of the ejecta.

X-rays became dominant around 2001/2002.

Earlier images give a better idea of the distribution of matter.

2000
Average b/a = 0.72
Pos. Angle: 13 -23 degrees 

Prelim
inary
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Energy deposition at 20 years 
for different X-ray energies.

Note concentration to the 
plane of the ring.

R-band image from 2006

Reverse shockX-ray source in ring
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Conclusions
• The late light curve of the ejecta was powered by 

the radioactive decay of 44Ti up to year 2001 
(5000 days after the explosion).

• The rising flux after year 2001 is well explained by 
X-ray illumination by the ring.

• The powering of the ejecta has shifted from 
radioactive input to a phase dominated by the 
kinetic energy of the explosion. 

• The X-ray illumination affects the observed 
morphology of the ejecta. 
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Selection of HST R-band images
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Selection of HST B-band images
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