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When a massive star explodes as a supernova, substantial amounts of radioactive elements,

primarily 56Ni, 57Ni and 44Ti, are produced1. After the initial flash of light from shock heat-

ing, the fading light emitted by the supernova is due to the decay of these elements2. However,

after decades, the energy for a supernova remnant comes fromthe shock interaction between

the ejecta and the surrounding medium3. The transition to this phase has hitherto not been
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observed: supernovae in the Milky Way are too infrequent to provide a young example, and

extragalactic supernovae are generally too faint and too small. Here we report observations

that show this transition in the supernova SN 1987A in the Large Magellanic Cloud. From

1994 to 2001 the ejecta faded as predicted by radioactive power from 44Ti. After that, the

flux started to increase, reaching a level more than twice as high by the end of 2009. We show

that this increase is the result of heat deposited by X-rays produced as the ejecta interacts

with the surrounding material.

Due to the proximity of SN 1987A (located only160, 000 light years away), we can study

the evolution of the supernova (SN) in great detail. The central ejecta are surrounded by a ring

of circumstellar material (Fig. 1) that was shed from the star 20, 000 years before the explosion in

19874. Since the explosion, the ejecta have been expanding, and now the outer parts of the ejecta

are colliding with the ring, causing it to brighten at all wavelengths5–8. The dense, central part of

the ejecta contains most of the mass from the disrupted star and acts as a calorimeter for the energy

input to the SN. Here we determine the energy input by tracking the energy output with the Hubble

Space Telescope (HST).

Because the ejecta are roughly elliptical in projection on the sky we use an elliptical aper-

ture to measure the brightness. To monitor a constant mass ofexpanding material, we allow the

measuring aperture to expand linearly with time. The axes ofthe aperture are therefore three times

larger in 2009 than in 1994 (Fig. 1). Using this aperture, we determined the R-and and B-band

light curves of the ejecta, as shown in Fig. 2 (see Supplementary Table 1 and Supplementary Infor-
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mation, section 1 for further details of the observations and light curves). Our measurements show

that the flux from the ejecta decays during the first∼ 5, 000 days after the explosion, as expected

from radioactive input, but then starts to increase, reaching a level that is 2-3 times higher around

day8, 000 (end of 2009). A new energy source must be present in additionto radioactive decay.

Below, we consider a model for the declining phase and then discuss the new energy source that is

responsible for the observed increase in flux.

The energy input to the declining phase of the light curve after ∼ 1, 500 days is expected

to come from positrons produced in the decay of44Ti2, 9, 10. To test this we use a model2 with

abundances taken from the 14E1 explosion model11 and a44Ti mass of1.4 × 10−4 M⊙
12 (Sup-

plementary Information, section 3). The model is shown in Fig. 3 together with the observed

broadband luminosities. The good agreement with the observations up to day5, 000 confirms that

the 44Ti positrons provide the energy input up to this point. However, after day5, 000 the model

clearly fails to describe the light curve; radioactive decay cannot explain the increase in flux that

we observe.

One possible origin for the flux increase is the reverse shockthat results from the interaction

between the ejecta and the H II region inside the ring13–16. The reverse shock produces strong Lyα

and Hα emission, which has increased by a factor of∼ 1.7 between 2004 and 201016. Although

most of this emission originates close to the ring, there is also a component of projected high-

velocity Hα-emission that can be traced to the central parts of the ejecta16, which would contribute

to the flux we measure. To determine the contribution from thereverse shock to our light curves
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we have examined HST STIS spectra from 2004 and 2010 (Supplementary Information, section 2

and Supplementary Fig. 5). The reverse shock can be isolatedin the spectra because of its boxy

line profile, allowing us to place a limit on its contributionat∼< 20%. Furthermore, this changes

only marginally between 2004 and 2010, as the expanding measuring aperture remains well inside

the area where most of the shock emission is seen. Importantly, an increase in flux is also seen

in the [Ca II] λλ7292, 7324 lines between 2000 – 2010 (determined from UVES observations at

the ESO/VLT, Fig. 2). These lines have velocities∼< 5, 000 km s−1, implying that they originate

in the inner ejecta (the projected ejecta velocity near the edge of the ring is∼> 7, 000 km s−1 at the

present time). We conclude that the increase in flux occurs primarily in the inner ejecta and cannot

be explained by emission from the shock region.

We believe that the strong X-ray flux produced in the ring collision is the dominant source

of energy input to the ejecta. The X-ray flux from the ring increased by a factor∼ 3 in the 0.5 –

10 keV band between day6, 000 and day8, 0006, similar to what we find for the optical emission

from the ejecta. To investigate this, we calculated the fraction of X-rays absorbed by the ejecta from

a point source located at the ring, using the partially mixed14E1 explosion model17. As shown in

Supplementary Fig. 6, most of the observed X-ray flux is absorbed in the core region of the ejecta

(corresponding to velocities less than5, 000 km s−1), where most of the heavy elements reside. At

an energy of∼ 0.35 keV, which corresponds to the temperature of the dominant component in the

X-ray spectrum18, the fraction of flux absorbed by the ejecta attyr years can be approximated by

1.6× 10−3t1.67
yr (the increase with time is mainly due to the increasing solidangle of the expanding

ejecta, assumed to be spherical, as seen from the ring). Thisgives a current-day absorbed X-
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ray luminosity of∼ 5.0 × 1035erg s−1. In this calculation we have neglected the weaker, hard

component that contributes to the X-ray spectrum18. We note that this does not significantly affect

the estimate of the absorbed flux, although the hard X-rays may be important due to their larger

penetrating power.

To model the ejecta light curve produced by input from the X-rays we scaled the observed

X-ray flux6 by the fraction absorbed at 0.35 keV, multiplied the resulting flux with a constant

(corresponding to the conversion efficiency from X-rays to optical) and added this to the radioactive

energy input. Fig. 3 shows the scaled X-ray flux together withthe observed light curves. This

model follows the general trend of the observed fluxes in bothbands, although we note that a more

accurate model would need to take into account the detailed shape of the X-ray spectrum and the

reprocessing of the X-rays into optical emission. The required conversion efficiency from X-rays

to optical emission in our model is5.0% in the R-band and3.1% in the B-band.

The conversion of X-rays to optical/IR emission is similar to that of the44Ti positrons. Both

involve degradation of non-thermal electrons to heating, ionization and excitation. For a typical

ionization fraction of10−3 − 10−2, the expected efficiency of conversion from X-rays to Hα (the

dominant line in the R-band) is∼ 5% (Supplementary Information, section 3). This conversion

factor is consistent with the scaling factor we used to modelthe light curve. Similar arguments

apply to the B-band. Furthermore, the density in the core is high enough for the time-scale of

recombination to be shorter than the expansion time-scale,ensuring a balance between the energy

input and output.
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Other possible explanations for the increase in flux includeinput from a central pulsar19, a

transition from optically thick to optically thin dust and positron leakage from the Fe-rich regions.

We find that input from a pulsar is unlikely for several reasons. In particular, it would be a strange

coincidence for the emission from the pulsar to mimic the increasing X-ray flux from the ring

interaction. Also, we expect the energy input from a pulsar to be concentrated toward the low-

velocity material at the centre of the ejecta, while observations of the Hα and [Ca II] lines show

that the increase occurs for velocities up to∼ 5, 000 km s−1. We also note that constraints on a

point source at the centre of SN 1987A have already been obtained using HST data taken near the

minimum of the ejecta light curve20. A change in the properties of the dust or a transition in the

positron deposition process are also unable to quantitatively explain the observed increase in flux

(Supplementary Information, section 4).

We conclude that SN 1987A has made a transition from a radioactively dominated phase to

a phase dominated by the X-ray input from the ring collision.This conclusion has interesting im-

plications for the observed morphology. In particular, most of the X-rays are likely to be absorbed

at the boundary of the ejecta core, where the density increases rapidly. This may lead to the light

from the ejecta being emitted in a ring that is concentrated to the plane of the circumstellar ring.

The ’hole’ in the ejecta (Fig. 1), which has become more pronounced since∼ 2001, may in fact be

a result of this, rather than reflect the true density distribution or dust obscuration. The asymmetric

morphology seen at velocities∼< 3, 000 km s−1 in the near-IR [Si I] and [Fe II] lines21 is, however,

likely to be intrinsic to the metal core. By studying future changes in the morphology of the ejecta,

we will be able to understand the origin of this asymmetry
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In the future the density of the ejecta will decrease and the fraction of X-rays absorbed will

grow (Supplementary Fig. 7). As a result the ionization willincrease and a smaller fraction of the

X-ray flux will produce line excitation, while a larger fraction will go into heating, leading to an

increase in the mid-IR flux and a flattening of the optical light curves. With time the X-rays will

also penetrate deeper layers of the ejecta, thereby allowing us to probe the chemical structure of

the innermost ejecta. This will be a novel form of X-ray tomography.
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Figures legends

a b c

Figure 1: A selection of HST R-band images. The observing dates are 1994-09-24 (a), 2000-11-

13 (b) and 2009-04-29 (c), which correspond to 2770, 5012 and 8101 days after the explosion,

respectively. The horizontal bar inc represents 1′′. The circumstellar ring is inclined at an angle

of 45◦ with respect to the line of sight and is approximately 1.3 light years across. The red (inner)

ellipse shows the expanding aperture used for the light curve in Fig. 2. By using an initial semi-

major axis of0.11′′ for the observation in 1994 we always follow the bright, central part of the

ejecta without being significantly affected by emission from the circumstellar ring. The white

(outer) ellipse shows the fixed aperture used for one of the light curves in Supplementary Fig. 2.

The R-band emission from the ejecta is dominated by Hα emission with a small contribution from

[Ca I-II] lines, while the B-band (Supplementary Fig. 1) is dominated by H I and Fe I-II lines12, 22.

Note that only the densest, central parts of the ejecta are visible due to the low surface brightness

of the outer parts. In reality, the ejecta extend to the ring,as is evident from the strong interaction

with the ring.
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Figure 2: Light curves of the ejecta in different wavebands.Data points from WFPC2, ACS and

WFC3 are shown as dots, triangles and stars, respectively. Red and blue symbols correspond to

the R- and B-bands. A correction factor has been applied to the ACS and WFC3 fluxes in order to

account for the differences between these instruments and WFPC2. To quantify the contamination

from the brightening circumstellar ring we created detailed models of the ring for a number of dif-

ferent epochs (Supplementary Information, section 1, and Supplementary Figs. 3 and 4). The open

symbols show the ejecta fluxes after the contribution from the ring has been removed. Although

the contamination from the ring increases with time it neverexceeds∼ 20% of the flux from the

ejecta. The statistical errors on the HST fluxes are smaller than the data points and systematic

errors are discussed in the Supplementary Information, section 1. The black squares show the flux

of the [Ca II]λλ7291.5, 7323.9 lines from VLT/UVES (error bars, s.d.). These lines are free from

contamination from the circumstellar ring and the reverse shock. Note the decreasing flux during

the first∼ 5, 000 days and the increase thereafter, indicating an extra source of energy. A further

indication that the energy source has changed is that the colour, determined from the flux ratio

between the B-and R-bands, changes from a level of∼ 0.8 up to day5, 000 to a value close to

∼ 0.6 on day8, 000.
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Figure 3: Evolution of the luminosity from the ejecta in the R- and B-bands. The dashed black

lines show a model with only radioactive input, mainly from44Ti. The 44Ti mass used for the

model is1.4× 10−4 M⊙
12, as determined from a detailed model that takes into accountthe effects

of scattering and fluorescence of the UV flux, as well as a correction for internal dust (here taken

to have a 50% covering factor of the core inside 2000 km s−1)23, 24. The lower dot-dashed lines

show the light curves with no44Ti, illustrating the necessity to include this isotope. Thered dashed

lines show a model based on a constant fraction of the observed X-ray flux6, corrected for the

fraction of flux absorbed by the ejecta (Supplementary Fig. 7). The blue solid line shows the sum

of both models. The R- and B-bands contain 5% and 3% of the total bolometric flux, respectively,

and we expect these fractions to remain roughly constant with time. This is because the relative

amount of energy resulting in heating, ionization and excitation will remain nearly constant as long

as the ionization by the X-rays is∼< 10−2. It is clear from this figure that there is a transition at

∼ 5, 000 days from a radioactivity dominated phase to a phase dominated by the X-ray input from

the collision with the ring.
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