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A typela supernova is thought to be a thermonuclear explosion
of either a single carbon-oxygen white dwarf or a pair of mer§ing
white dwarfs. The explosion fuses a large amount of radioactive *°Ni
(refs 1-3). After the explosion, the decay chain from 56Ni to *°Co to
*SFe generates y-ray photons, which are reprocessed in the expand-

ing ejecta and give rise to powerful optical emission. Here we report
the detection of *°Co lines at energies of 847 and 1,238 kiloelectron-
volts and a y-ray continuum in the 200-400 kiloelectronvolt band
from the type Ia supernova 2014] in the nearby galaxy M82. The line
fluxes suggest that about 0.6 = 0.1 solar masses of radioactive **Ni
were synthesized during the explosion. The line broadening gives a
characteristic mass-weighted ejecta expansion velocity of 10,000 *

3,000 kilometres per second. The observed y-ray properties are in
broad agreement with the canonical model of an explosion of a white
dwarf just massive enough to be unstable to gravitational collapse,
bug 6(:lo not exclude merger scenarios that fuse comparable amounts
of *°Ni.

The detailed physics of the explosion of type Ia supernovae (for exam-
ple deflagration or detonation) and the evolution*® of a compact object
towards explosion remain a matter of debate®. In a majority of models,
the ejecta are opaque to y-ray lines during first 10-20 days after the ex-
plosion (because of Compton scattering). At later times, the ejecta become
progressively more transparent and a large fraction of y-rays escapes.
This leads to a robust prediction' of y-ray emission from type Ia super-
novae after few tens of days, dominated by the y-ray lines of **Co. Such
emission has been observed before: the down-scattered hard X-ray con-
tinuum from supernova (SN) 1987 A in the Large Magellanic Cloud was
seen halfa year after the explosion'"'2, and y-ray lines of **Co were detected
several months later'*'*. That was a core-collapse (type II) supernova,
in which the cause of the explosion is completely different from that of
type Ia supernovae. Type Ia events, despite being intrinsically brighter,
are more rare than core-collapse supernovae, and before SN 2014]J there
was not one close enough to detect. The recent type Ia SN 201 1fe ata dis-
tance of D =~ 6.4 Mpc yielded only an upper limit on the *°Co line flux".

SN 2014]J in M82 was discovered'® on January 21, 2014. The recon-
structed'” date of the explosion is January 14.75 UT. This is the nearest
type Ia supernova to be detected in at least four decades, at the M82
distance of D = 3.5 Mpc (ref. 18). The European Space Agency satellite
INTEGRAL" started observing SN 2014] in 2014, from January 31 to
April 24 and from May 27 to June 26. We use the INTEGRAL data taken
between days 50 and 100 after the explosion, the period when the ex-
pected flux from y-ray lines of **Co is close to the maximum'®. This set of
observations by the SPIand ISGRI/IBIS instruments on board INTEGRAL
has been analysed, excluding periods of strong solar flares, which cause
large variations in the instrumental background (Methods and Extended
Data Fig. 1). The spectrum derived assuming a point source at the
position of SN 2014] is shown in Fig. 1 using red and blue points for
SPI and ISGRI, respectively.

The model spectrum is binned similarly to the observed supernova
spectrum. The signatures of the 847 and 1,238 keV lines are clearly seen
in the spectrum (along with tracers of weaker lines of *°Co at 511 and
1,038 keV). The low-energy (<400 keV) part of the SPI spectrum is not
shown because of possible contamination due to off-diagonal response
of the instrument to higher-energy lines. At these energies, we use ISGRI/
IBIS data instead (Methods).

By varying the assumed position of the source and repeating the flux-
fitting procedure using SPI data (Methods) we construct a 40° X 40°
image of the signal-to-noise ratio in the 800-880 and 1,200-1,300 keV/
energy bands (Fig. 2). SN 2014] is detected at 3.9 s.d. and 4.3 s.d. in these
two bands, respectively. These are the highest peaks in both images.

The images obtained by ISGRI at lower energies (100-600 keV) dur-
ing the observations of SN 2014] and in October-December 2013, that
is, a few months before the SN 2014] explosion (see Methods for the
details of the earlier observation), are shown in Fig. 3. An inspection of
images in the 25-50 keV band shows that the fluxes observed in 2013
and 2014 are similar, whereas at higher energies (>100keV) there is
excess at the position of SN 2014] only in the 2014 data. Previous ISGRI
observations of this field in 2009-2012, with a total exposure of about
6 X10°s, revealed no significant signal at energies >50keV from M822.

A combination of imaging and spectral analysis provides robust evi-
dence of y-ray emission from SN 2014]. As expected, much of the sig-
nal comes from the 800-900 and 1,200-1,300 keV bands, where two
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Figure 1 | Gamma-ray lines from Co decay at 847 and 1,238 keV in the
spectrum of SN 2014]. The spectrum was obtained by INTEGRAL between
days 50 and 100 after the outburst. Red and blue points show SPI and
ISGRI/IBIS data, respectively. The flux below 60 keV is dominated by the
emission of M82. The black curve shows a fiducial model of the supernova
spectrum for day 75 after the explosion. Inset, lower-energy part of the
spectrum (black). The expected contributions of three-photon positronium
annihilation (magenta) and Compton down-scattered emission from 847
and 1,238 keV lines (green) are also shown. All error bars, 1 s.d.
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prominent lines of *°Co should be. The best-fitting parameters (flux,
energy and broadening) of those two lines are given in Extended Data
Table 1. The fluxes at 847 and 1,238 keV, respectively (2.34 * 0.74) X
10 *and (2.78 +0.74) X 10~ * photons s lem ™2, were corrected for
the fraction of y-ray photons escaping the ejecta (this fraction is ~60%;
Methods), yielding an estimate of M, = (0.34 = 0.07) M, for the total
>6Co mass at day 75 (Mg, solar mass). Correcting this value for the
secular evolution of the *°Co mass in the decay chain **Ni— **Co—
*Fe, provides an estimate of the initial **Nimass: My; = (0.61 * 0.13)M

An independent estimate of the *Ni mass can be obtained from the
optical ‘bolometric’ light curve. The simplest approach is based on the
assumption®' that the bolometric luminosity at the maximum is approx-
imately equal to the power of the radioactive decay at this moment. For
SN 2014J, the maximum bolometric luminosity is ~1.1 X 10* ergs ™',
attained on day 17.7 after the explosion®, assuming interstellar extinction
Av = 1.7 mag in the V filter band. A thorough analysis of extinction®
yields Ay = 1.85 = 0.11 mag. This implies a **Ni mass of (0.42 = 0.05)M,.
This is marginally consistent with the estimates based on the y-ray emis-
sion lines, which is not surprising, given the qualitative nature of this
estimate and the large and complicated extinction in the direction of
SN 2014]J. A more direct test is the comparison of y-ray and bolometric
optical, ultraviolet and infrared luminosities at day 75. The latter is es-
timated to be ~1.1 X 10** ergs ™' (Methods). The total energy released
during decay of the **Co isotope?* is split between neutrinos (~0.8 MeV),
kinetic energy of positrons (~0.12 MeV) and y-rays (~3.6 MeV). In our
fiducial model a fraction f = 0.77 of the luminosity in y-rays escapes the
ejectaat day 75. The remaining fraction, 1 - f~ 0.23, is deposited in the
ejecta (ignoring bremsstrahlung radiation losses by electrons). Adding
the kinetic energy of 5positrons and 23% of the y-ray luminosity pro-
duced by 0.34M, of *°Co yields an estimate of ~1.1 X 10** ergs ™~ for

the rate of energy deposition in the ejecta, in good agreement with the
optical data. The same model predicts that ~3.3 X 10*? ergs ™" escape
the ejecta in the form of hard X-rays and y-rays. The observed luminosities
of the 847 and 1,238 keV lines are ~4.7 X 10*' and ~8.1 X 10*' ergs™",
respectively.
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4 Figure 2 | Signatures of *°Co lines at 847 and
1,238 keV in SPI images. The broad energy
bands 800-880keV and 1,200-1,300 keV are

3 expected to contain the flux from **Co lines,
accounting for the expected broadening and

5 & shifting due to the ejecta expansion and opacity
3 effects. The source is detected at 3.9s.d. and 4.3 s.d.,
g respectively, in these two bands. Colours show the
1 é signal-to-noise ratio at a given position. Data
@ courtesy of IKI, MPA and the INTEGRAL team.
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The emergent lines are expected to be broadened and blueshifted be-
cause of ejecta expansion and the opacity effects (Methods and Extended
Data Fig. 3). Both effects are indeed observed (Fig. 4). The mean blue-
shift, averaged over both lines, corresponds to a velocity of Vg, = —3,100
+ 1,100 km s~ ', and the broadening (root mean squared line-of-sight
velocity) is 0, = 4,100 = 960 km s~ . These values are broadly consist-
ent with expectations of our fiducial model (Methods).

Finally, at lower energies (100-400 keV) the emerging flux is domi-
nated by Compton scattering of the 847 and 1,238 keV photons and the
ortho-positronium continuum from positron annihilation (Fig. 1 inset
and Extended Data Fig. 4). The predicted 100-400 keV flux is consist-
ent with INTEGRAL data. Roughly half of the signal comes from the
ortho-positronium continuum, suggesting that at day 75 the positrons
produced in 19% of the *°Co decay are thermalized in the ejecta and an-
nihilate via positronium formation. Below 100 keV, the emission declines
strongly owing to photoabsorption.

It should be possible to derive stronger constraints from the com-
bined analysis of the whole spectrum. As a first step, we constructed a
three-parameter (My;; ejecta mass, Mg;; characteristic velocity, V) model
that is capable of reproducing the main observables in the spectrum:
the y-ray line flux, the line broadening and the continuum flux below
511keV (Methods). The model assumes spherical symmetry, complete
mixing of all elements over the entire ejecta, and an exponential density
profile?>?®: poce "/ All three parameters are treated as independent.
The level of mixing can in principle be determined from the time evo-
lution of the y-ray flux. For example, early appearance of hard X-ray
emission from core-collapsed SN 1987A clearly demonstrated that Co
is mixed”” over the ejecta. A Monte Carlo code follows the propagation
of the y-ray photons through the ejecta and accounts for scattering and
photoabsorption of photons and annihilation of positrons (Methods).

We vary My;, Mg; and V. over a wide range, calculate the expected
emergent spectrum and compare it (in terms of a y> test) with the
observed spectrum. This procedure yields the following best-fit para-
meters and 1 s.d. confidence intervals for the individual parameters:
My = 0.56 008 Mo, Mgy = 1.27§2M e, V. = 3,000 = 800 km s~ . In this

Figure 3 | Appearance of a new hard

(100-600 keV) X-ray source at the position of
SN 2014]J. In the ISGRI image of the M82 field
taken in 2013 the source is absent. Colours show
the signal-to-noise ratio at a given position.

SN 2014] is detected in this image at ~3.7 s.d.
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Figure 4 | Broadening of the 847 and 1,238 keV lines. Red points show the
SPI spectrum in the 720-920 keV range. The red histogram shows the line
profile in the fiducial model. The blue points show the SPI spectrum of the
1,238 keV line. For comparison, a Gaussian line at 800 keV with a width
corresponding to the SPI intrinsic energy resolution is shown with a black line.
Both observed lines are clearly broadened. The upper axis shows the velocity
needed to shift the line to a given energy. All error bars, 1s.d.

model, the mass-weighted root mean squared velocity of the ejecta is
~/12V, =10,000 = 3,000 km s~ ' (Methods and Extended Data Fig. 5).
The confidence contours in the My;—Mg; plane are elongated such that
the highest and lowest allowed values of My; respectively correspond
to the highest and lowest values of MF;.

In more realistic models, based on calculations of explosive nucleo-
synthesis, the parameters are not independent and the distribution of
elements over the ejecta can vary strongly. We therefore compared the
expected spectra for several representative models of type Ia supernovae
atday 75, scaled to the distance of M82, with the data. The list of models
and corresponding Ay” values with respect to the null hypothesis of
no source are given in Extended Data Table 2. Remarkably, the canon-
ical model of type Ia supernovae, W7', provides the best description of
the SN 2014] spectrum, with Ay*> = 54.4. The pure-detonation model
DETO? produces too much **Ni and can be reliably rejected. The sub-
Chandrasekhar model HeD6> instead produces a y-ray flux that is too
low and therefore can also be rejected. Our best-fitting three-parameter
model (3PAR), and delayed-detonation models DD4* and DDT1p
(E.B. et al., manuscript in preparation), designed to approximately match
SN 2014] properties in the visual band, offers a gain in Ay* nearly as good
as W7. From the standpoint of purely statistical errors, W7 performs
significantly better than other models. However, given the inevitable
assumptions and simplification in each model, and allowing for pos-
sible systematic uncertainties, this group of models cannot be rejected.

Overall, the good agreement with the canonical models shows that in
y-rays SN 2014] looks like a prototypical type Ia supernova, even though
strong and complicated extinction in the optical band makes the overall
analysis challenging.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.

Received 14 May; accepted 3 July 2014.

1. Nomoto, K, Thielemann, F.-K. & Yokoi, K. Accreting white dwarf models of Type |
supernovae. lll - Carbon deflagration supernovae. Astrophys. J. 286, 644-658 (1984).

2. Woosley, S. E. & Weaver, T. A. The physics of supernova explosions. Annu. Rev.
Astron. Astrophys. 24, 205-253 (1986).

3. Hillebrandt, W. & Niemeyer, J. C. Type la supernova explosion models. Annu. Rev.
Astron. Astrophys. 38, 191-230 (2000).

4. Whelan, J. & Iben, |. Jr. Binaries and supernovae of type I. Astrophys. J. 186,
1007-1014 (1973).

408 | NATURE | VOL 512 | 28 AUGUST 2014

5. Iben, I. Jr & Tutukov, A. V. Supernovae of type | as end products of the evolution of
binaries with components of moderate initial mass (M not greater than about
9 solar masses). Astrophys. J. Suppl. Ser. 54, 335-372 (1984).

6. Gilfanov, M. & Bogdan, A. An upper limit on the contribution of accreting white
dwarfs to the type la supernova rate. Nature 463, 924-925 (2010).

7. Ropke, F.K.etal Constraining type la supernova models: SN 201 1fe as a test case.
Astrophys. J. 750, L19 (2012).

8. Malone, C. M. etal. The deflagration stage of Chandrasekhar mass models for type
la supernovae. |. Early evolution. Astrophys. J. 782, 11 (2014).

9. Moll, R, Raskin, C., Kasen, D. & Woosley, S. E. Type la supernovae from merging
white dwarfs. |. Prompt detonations. Astrophys. J. 785, 105 (2014).

10. The,L-S.&Burrows, A. Expectations for the hard X-ray continuum and gamma-ray
line fluxes from the type la supernova SN 2014J in M82. Astrophys. J. 786, 141 (2014).

11. Sunyaev, R. etal. Discovery of hard X-ray emission from supernova 1987A. Nature
330, 227-229 (1987).

12. Dotani, T, Hayashida, K., Inoue, H., Itoh, M. & Koyama, K. Discovery of an unusual
hard X-ray source in the region of supernova 1987A. Nature 330, 230-231 (1987).

13. Matz, S. M, Share, G. H,, Leising, M. D., Chupp, E. L. & Vestrand, W. T. Gamma-ray
line emission from SN1987A. Nature 331, 416-418 (1988).

14. Teegarden, B.J, Barthelmy, S.D., Gehrels, N, Tueller, J. & Leventhal, M. Resolution
of the 1,238-keV y-ray line from supernova 1987A. Nature 339, 122-123 (1989).

15. Isern, J. et al. Observation of SN2011fe with INTEGRAL. I. Pre-maximum phase.
Astron. Astrophys. 552, A97 (2013).

16. Fossey, S. Cooke, B. Pollack, G., Wilde, M. & Wright, T. Supernova 2014J in
M82 = Psn J09554214+6940260. CBET 3792 (2014).

17. Zheng, W. & Filippenko, A. V. Prediscovery KAIT/LOSS detections of SN 2014.J.
Astron. Telegr. 5822 (2014).

18. Karachentsey, l.D. & Kashibadze, O. G. Masses of the local group and of the M81 group
estimated from distortions in the local velocity field. Astrophysics 49, 3-18 (2006).

19. Winkler, C. et al. The INTEGRAL mission. Astron. Astrophys. 411, L1-L6 (2003).

20. Sazonov,S.Y.,Lutovinov,A.A. & Krivonos, R. A. Cutoffin the hard X-ray spectra of the
ultraluminous X-ray sources HolX X-1 and M82 X-1. Astron. Lett 40, 65-74 (2014).

21. Arnett, W. D. Type | supernovae. | - Analytic solutions for the early part of the light
curve. Astrophys. J. 253, 785-797 (1982).

22. Margutti, R. et al. No X-rays from the very nearby Type la SN2014J: constraints on
its environment. Astrophys. J. 790, 52 (2014).

23. Amanullah, R. et al. The peculiar extinction law of SN2014J measured with The
Hubble Space Telescope. Astrophys. J. 788, L21 (2014).

24. Nadyozhin, D. K. The properties of NI to CO to Fe decay. Astrophys. J. Suppl. Ser. 92,
527-531 (1994).

25. Dwarkadas, V. V. & Chevalier, R. A. Interaction of type IA supernovae with their
surroundings. Astrophys. J. 497, 807-823 (1998).

26. Woosley, S.E.,Kasen, D., Blinnikov, S. & Sorokina, E. Type la supernova light curves.
Astrophys. J. 662, 487-503 (2007).

27. Sunyaev, R. A. et al. Hard X-radiation from supernova 1987A: Roentgen Obser-
vatory observations from 1987 to 1989. Sov. Astron. Lett 16, 171-176 (1990).

28. Badenes, C., Bravo, E., Borkowski, K. J. & Dominguez, I. Thermal X-ray emission
from shocked ejecta in type la supernova remnants: prospects for explosion
mechanism identification. Astrophys. J. 593, 358-369 (2003).

29. Hoeflich, P. & Khokhlov, A. Explosion models for type la supernovae: a comparison
with observed light curves, distances, Ho, and qo. Astrophys. J. 457, 500-528 (1996).

30. Woosley, S. E. & Weaver, T. A. in Supernovae (eds Audouze, J., Bludman, S.,
Mochkovitch, R. & Zinn-Justin, J.) 63-154 (Elsevier, 1991).

Acknowledgements This work was based on observations with INTEGRAL, an ESA
project with instruments and a science data centre funded by ESA member states
(especially the principal investigator countries: Denmark, France, Germany, Italy,
Switzerland and Spain) and with the participation of Russia and the United States. We
are grateful to the ESA INTEGRAL team and E. Kuulkers for their prompt reaction to the
SN 2014J event. E.C, R.S. and S.G. wish to thank the Russian INTEGRAL advisory
committee for allocating an additional 10°s of time from a regular programme to

SN 2014J observations. R.S,, S.G. and S.S. are partly supported by grant

no. 14-22-00271 from the Russian Scientific Foundation. J.I. is supported by
MINECO-FEDER and Generalitat de Catalunya grants. The SPI project has been
completed under the responsibility and leadership of CNES, France. ISGRI has been
realized by CEA with the support of CNES. We thank P. Hoflich, K. Nomoto and

S. Woosley for making available their supernova explosion models HED6, W7 and DD4.

Author Contributions E.C.: reduction and modelling of the INTEGRAL observations,
simulations of the emerging y-ray emission, interpretation, manuscript preparation;
R.S.: principal investigator of one of the observations, observation planning,
interpretation and manuscript preparation; J.I.: principal investigator of one of the
observation proposals, observation planning, modelling of observations, interpretation
and manuscript preparation; J.K.: reduction and analysis of SPI data, manuscript
review; P.J.: reduction and spectral analysis of SPI observations, manuscript review;
F.L.: reduction of the IBIS/ISGRI observations, manuscript preparation; N.C.:
determination of °®Ni mass from the optical data, manuscript review; S.G.: reduction of
the IBIS/ISGRI observations, manuscript review; E.B.: theoretical modelling,
manuscript review; S.S.: principal investigator of the M82 observations, manuscript
review; M.R.: reduction of the IBIS/ISGRI observations, manuscript review.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper.
Correspondence and requests for materials should be addressed to

E.C. (churazov@mpa-garching.mpg.de).

©2014 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature13672
www.nature.com/reprints
www.nature.com/doifinder/10.1038/nature13672
mailto:churazov@mpaarching.mpg.de

METHODS

Observations. INTEGRAL is an ESA scientific mission dedicated to fine spectroscopy
and imaging of celestial y-ray sources in the energy range from 15keV to 10 MeV.
The INTEGRAL data used here were accumulated during revolutions 1391-1407
(ref. 31), corresponding to the period ~50-100 days after the explosion (proposals:
1170002, PI: R.S.; 1140011, PI:].I; 1170001, public). Observations were performed
inastandard 5 X 5 pattern around the nominal target location: one source on-axis
pointing, 24 ‘off-source pointings’, with a 2.17° step. During off-source pointings,
the source remains well within the INTEGRAL field of view. Periods of very high
and variable background due to solar flares were omitted from the analysis (Ex-
tended Data Fig. 1). The total exposure of the clean data set is ~2.6 Ms.

SPI data analysis. SPI** is a coded-mask germanium spectrometer on board
INTEGRAL. The instrument consists of 19 individual Ge detectors, and has a field
of view of ~30° (at zero response), an effective area of ~70 cm?at0.5 MeV and an
energy resolution of ~2 keV. The effective angular resolution of SPIis ~2°. During
SN 2014] observations, 15 out of 19 detectors were operating, resulting in slightly
reduced sensitivity and imaging capabilities compared with the initial configura-
tion. The data analysis follows the scheme implemented for the analysis of the Ga-
lactic Centre positron annihilation emission®***. For each detector, a linear relation
between the energy and the channel number was assumed and calibrated (separately
for each orbit), using the observed energies of background lines (Extended Data
Fig. 2) at ~198,438, 584, 882, 1,764, 1,779, 2,223 and 2,754 keV. These bright lines
are identified® with known nuclear transitions in Ge and other elements, activated
by heavy particles, bombarding the SPI detector. For our analysis, we used a combi-
nation of single and pulse-shape-discriminator (PSD) events™, and treated them in
the same way.

The count rate from the supernova at energy E, S(E), and the background rates
in individual detectors, B,(E, t), were derived from a simple model of the observed
rates, D;(E, t), in individual SPI detectors, where i is the detector number and ¢ is
the time of observation with a typical exposure of 2,000 s: D/(E, t) = S(E) X R{(E, t)
+ B,(E, t) + C,(E). Here R(E, t) is the effective area for the ith detector, as seen
from the source position in a given observation, and C,(E) does not depend on time.
The background rate is assumed to be linearly proportional to the Ge detectors’
saturated event rate, Gg,(t), above 8 MeV, averaged over all detectors; that is,
Bi(E, t) = BAE)Gsa(t). The coefficients S(E), fi(E) and C,(E) are free parameters
of the model and are obtained by minimizing y* for the entire data set. Even though
the number of counts in individual exposures is low, it is still possible to use a plain
#* approach as long as the errors are estimated using the mean count rate and the
total number of counts in the entire data set is large**. The linear nature of the model
allows for straightforward estimation of statistical errors.

As an example, we consider SPI data in the 1,200-1,300 keV range, containing
the 1,238 keV line of **Co. For the entire data set there are in total 14,340 flux mea-
surements by individual SPI detectors with a typical exposure time of ~2,000s. Fit-
ting this data set with a constant background model (that is, D(E, t) = C,(E)) yields
the reduced %, = 1.31 per degree of freedom. Adding a B/(E, t) = (E)Gsu(t) term
to the model reduces 7, to 0.998, consistent with expectations for photon counting
noise. Further adding one more parameter—the flux of a source at the position of
SN 2014]—lowers 3 by Ay* = 164, corresponding toa ~4 s.d. detection. For com-
parison, for the 600-800 keV band, which does not contain strong lines, the improve-
ment in y* by adding the source flux to the model is only 0.60, giving no significant
evidence for SN 2014] emission.

Despite its proximity, SN 2014] is still an extremely faint source in y-rays. Al-
though precise measurements of line fluxes are challenging, a combination of spec-
tral and imaging information makes our results very robust. To further test the
possible influence of variable background on our results, we repeated the calcula-
tion of the SN 2014]J spectrum while dropping the B;(E, t) term from the model. The
line fluxes changed by ~3% compared with our more elaborate baseline background
model. However, the wings of the lines, where the background is ~10* times higher
than the source, can still suffer from the residual background features. The uncer-
tainty in the distance D = 3.53 % 0.26 Mpc (ref. 18) causes an additional ~15% un-
certainty in the flux and, therefore, in the estimated mass of radioactive Niand Co.
ISGRI/IBIS data analysis. The primary imaging instrument on board INTEGRAL
is IBIS’, which is a coded-mask aperture telescope with the CdTe-based detector
ISGRI**. It has higher sensitivity to continuum emission than SPI in the 20-300 keV/
range and has a spatial resolution of ~12". We note here that neither ISGRI nor SPI
can distinguish the emission of SN 2014] from the emission of any other source in
MB82. ISGRI, however, can easily differentiate between M82 and M81, which are
separated by ~30’. The energy resolution of ISGRI is ~10% at 100 keV. The ISGRI
energy calibration uses the procedure implemented in OSA 10.0 (ref. 39). The images
in broad energy bands were reconstructed using a standard mask-detector cross-
correlation procedure, tuned to produce zero signal on the sky if the count rate
across the detector matches the pattern expected from pure background, which
was derived from the same data set by stacking detector images. The noise in the
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resulting images is fully consistent with the expected level, determined by photon
counting statistics. The fluxes in broad bands were calibrated using Crab Nebula
observations with INTEGRAL shortly before the observations of SN 2014] dis-
cussed here.

Fitting 847 and 1,238 keV line parameters. The flux, energy centroid and broad-
ening of the lines were evaluated by fitting a Gaussian to portions of the SPI spec-
trum in the 800-900 and 1,100-1,350 keV bands. The best-fit parameters are given
in Extended Data Table 1 along with 1 s.d. uncertainties. Although for plotting pur-
poses we used heavily binned spectra (Figs 1 and 4), the fitting is done for the un-
binned SPI spectrum in 0.5 keV-wide channels.

Because the decay time of **Co (t = 111.4 days) and branching ratios (1 and
0.66 for the 847 and 1,238 keV lines, respectively) are known™, it is straightforward
to convert line fluxes into the mass of **Co visible to INTEGRAL at the time of
observation: M, = (0.16 = 0.05)M ¢, and (0.27 = 0.07) M, for the 847 and 1,238 keV
lines, respectively. These values can be considered model-independent lower limits
on the amount of *°Co at day 75 since the explosion. The fractions of line photons
escaping the ejecta without interactions were estimated from our fiducial model as
0.60 (847 keV) and 0.64 (1,238 keV). These values were used to correct the observed
fluxes to derive estimates of the total **Co mass at day 75, Mc, = (0.26 = 0.08)M
and (0.42 * 0.11)M », on the basis of the 847 and 1,238 keV line fluxes, respectively.
The derived masses are consistent within the uncertainties with a mean value of
Mc, = (0.34 £ 0.07)Mc. Finally, a correction factor of 1/0.55 has been applied to
convert the mass of *°Co at day 75 to the initial mass of 5Nii: My; = (0.6 = 0.13)
M. This factor accounts for time evolution of the Co mass in the decay chain
from Ni to Fe.

In fully transparent ejecta, the centroid of emerging y-ray lines should be un-
shifted (at least to first order in V./c, where ¢ is the speed of light). Opacity sup-
presses y-rays coming from the receding part of the ejecta, leading to a blueshift of
the visible line. Blueshift is indeed observed for both lines (Fig. 4).

The corresponding mean velocity is Vgpig = —3,100 = 1,100 km s~ . This value
is slightly higher than the expected shift of —1,280 km s~ ! estimated from the fidu-
cial model for y-ray photons escaping the ejecta without interactions.

The expected line broadening (root mean squared line-of-sight velocity), g, for
transparent ejecta is directly related to the characteristic expansion velocity.

In the model with an exponential density profile, o, = 2V.. Indeed, in the model

we found for directly escaping photons, 7, = 5,860 km s~ ' =~ 2.1V.. The Gaussian
fit to the observed lines yields a slightly lower value, o, = 4,100 = 960 km s ". It is
possible that the exact values of the shift and broadening are affected by remaining
uncertainties in the background model. However, the presence of shift and broad-
ening at the level of few 10°kms ™" is very robust.
Simplified model. The emergent y-ray spectrum from a type Ia supernova is deter-
mined by interactions of y-ray quanta with the expanding ejecta and can be used as
a proxy for the most basic properties of the supernova'®. Although detailed mod-
elling of the properties of SN 2014] is beyond the scope of this Letter, we use a
simple model to qualitatively compare our results with expectations. Our basic ob-
servables are the line fluxes, primarily determined by My;; line broadening, set by
the typical energy release per unit mass; and the flux below 511 keV, which is sen-
sitive to the Thompson depth of the ejecta. Accordingly, we build a spherically sym-
metric model of homologously expanding ejecta with mass Mg;, ignoring the possible
anisotropy of the **Ni distribution expected in the scenario of white dwarf mergers’.
The density follows an exponential law***° p oc e V/Ve, where V. = /Ex /6Mgj and
is truncated at v=10V, and E is the kinetic energy of the ejecta. In this model a
mass-weighted root-mean-squared velocity of the ejecta is v/12V,. All elements,
including radioactive Ni and Co, are uniformly mixed through the entire ejecta,
which are composed of iron group elements (58%) and Si and S in equal propor-
tions (21% each). This is of course a strong simplification, certainly violated in the
outer regions and in the core, but it allows us to specify the model completely with
only three parameters: My;, Mg;and V.. The presence of the radioactive elements
in the outer layers is crucial for the early phase of the supernova evolution, but
becomes less important for days 50-100, which are the days of interest here. As a
fiducial example, we use My; = 0.7M o, Mg; = 1.38M and V, = 2,800 km s 1, cor-
responding to Ex = 1.3 X 10°" erg.

A Monte Carlo radiative transfer code is used to calculate the emergent spectrum,
which includes full treatment of Compton scattering (coherent and incoherent)
and photoabsorption. Pair production by y-ray photons is neglected. The posi-
trons produced by B* decay of **Co (19% of all decays) annihilate in place via pos-
itronium formation. Both two-photon annihilation into the 511 keV line and the
ortho-positronium continuum are included. Our reference model was calculated
for day 75 since the explosion. A time delay due to the finite propagation time of
the photons is neglected (it amounts to few days from the radius where the bulk of
the mass is located).

Examples of the model spectra for days 50, 75 and 100 are shown in Extended
Data Fig. 3. To a first approximation (justified by the low signal-to-noise ratio of
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the observed spectrum), the model spectrum for day 75 can be used for compar-
ison with the observed spectrum, accumulated by INTEGRAL over days 50-100.
The contributions of various components to the total spectrum are shown in Ex-
tended Data Fig. 4. The most prominent are the lines at 847 and 1,238 keV. These
lines are broadened by the expansion velocity of the ejecta and escape without any
interactions (the role of coherent scattering is negligible at these energies). The line
shape is also modified by opacity effects, because y-ray photons produced in the
nearest (approaching) side of the ejecta have a higher chance of reaching an observer.
This effect causes the line shapes to be skewed towards the blue side. The scattered
continuum associated with most prominent lines extends down to energies ~100 keV.
At lower energies, photoabsorption becomes dominant and the flux drops. In ad-
dition, three-photon annihilation, associated with the decay of ortho-positronium,
produces a significant contribution to the continuum flux. Unlike the scattered con-
tinuum, this component does not scale with the Thomson depth of the ejecta and
becomes progressively more important for late evolution of the emergent spectrum.
With our simple three-parameter model it is possible to run a grid of models to
evaluate a plausible range of basic parameters. This was done by varying My;, Mg;
and V., comparing the model with the spectrum and calculating 7. It is conveni-
ent to express the success of the model by the reduction of Ay” relative to the null
hypothesis of no source. The null hypothesis gives Xz =1,948.7 for 1,905 degrees of
freedom for the combined SPI+ISGRI spectrum. The best-fitting three-parameter
model has Ay* = 50.5, corresponding to a 7.1 s.d. detection with My; = 0.56 M,
Mg;=12M¢ and V. = 3,000 km s, corresponding to Ex = 1.3 X 10°! erg. The
same model allows for calculation of 1s.d. confidence intervals (for a single para-
meter of interest) by identifying parameter space, which has Ay* smaller by 1 than
the best-fitting model. Corresponding confidence intervals are shown in Extended
Data Fig. 5.
Specific explosion models. Apart from our simplified three-parameter model, we
compare the spectrum (SPI+ISGRI) with the expected spectra calculated (E.B.
et al., manuscript in preparation) for several detailed type Ia supernova explosion
models. For each model, we calculate the reduction of Ay relative to the null hy-
pothesis of no source. The resulting values and basic characteristics of the models
are given in Extended Data Table 2. The set of models includes the classic W7 (ref. 1)
and DD4 (ref. 30) models, the pure-detonation model, DETO, the sub-
Chandrasekhar model, HED6 (ref. 29), our three-parameter model 3PAR with fi-
ducial and best-fitting parameters, and several variants of the delayed-detonation
model DDT1p (E.B. et al., manuscript in preparation). DDT1p4 was built to match
SN 2014] in the visible band. DDT1p1 is a slightly less energetic version of DDT1p4.
In the DDT1p4halo model, the object is surrounded by a 0.2M ¢, ‘halo’, which can
be envisaged in a slow merger scenario.

Although the single-white-dwarf models discussed above provide consistent
descriptions of the INTEGRAL data, these observations by themselves do not
immediately exclude double-white-dwarf merger scenarios, provided that similar
amounts of *°Ni are synthesized. In this regard, we note that no direct evidence
that the progenitor of SN 2014J was a single accreting white dwarf has been found
so far, placing tight limits on the most popular accretion scenarios***~*2,
Optical bolometric luminosity during INTEGRAL observations. Using recent
BVRIJHK photometry™, we estimated the supernova optical bolometric luminosity
on day 75 after explosion (median of INTEGRAL observations). For Ay = 1.85 mag
and Ry = 1.6, we found the bolometric luminosity of ~1.1X 10**ergs™", which
agrees well with the estimates of deposited power in our fiducial model.
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Extended Data Figure 1 | Variations in the particle background during
INTEGRAL observations. Anti-coincidence-system count rate is shown as a
function of time, expressed through the revolution number. One revolution
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lasts about 3 days. Periods of very high and variable background (shown in
blue) due to solar flares were omitted from the analysis. Periods of quiescent
background (red) were used to derive the spectrum of SN 2014].
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Extended Data Figure 2 | Comparison of the SPI background spectrum and
the expected type Ia supernova emission. Typical quiescent background
(black) and supernova model (red, convolved with SPI energy resolution)
spectra.
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Extended Data Figure 3 | Predicted spectra for days 50, 75 and 100 after
explosion. The 3PAR model spectrum calculated for day 75 is used for
comparison with the INTEGRAL data obtained between day 50 and 100 since
the explosion. Weak lines below 200 keV correspond to **Ni (day 50) and *’Co
(day 100).
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Extended Data Figure 4 | Contributions of various components to the
model spectrum. The lines are formed by y-rays escaping the ejecta without
interactions. The low-energy tail of each line is due to Compton down-
scattering of the photons because of the recoil effect. The ‘humps’ in the tails
correspond to the scattering by 180°. The magenta line shows the contribution
of the ortho-positronium annihilation. Annihilation of para-positronium
contributes to 511 keV line.
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Extended Data Figure 5 | Confidence contours for our three-parameter model. The cross shows the best-fit values. Contours are plotted at Ay* = 1 with respect
to the best-fit value and characterize the 1s.d. confidence interval for a single parameter of interest.
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Extended Data Table 1 | Parameters of the observed gamma-ray lines of °6Co

Parameter 847 keV line 1238 keV line
Flux, 10 phot cm? s 2.34+0.74 2.78+0.74
Luminosity, 10" erg s™ 4.7 8.1

Veni: (1.0.5. velocity), km st -1900+1600 -4300+1600
Line width (l.o.s. velocity rms), o, km s™ 3600+1300 4700£1400

Each line is independently approximated with a Gaussian. Errors, 1 s.d.
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Extended Data Table 2 | Comparison of typical type la supernova explosion models with the data

Model M, Msun Mg, Msyn  Ex. 10%" erg AY
w7’ 0.59 1.38 1.24 54 .4
DDT1p1 0.54 1.36 1.29 52.5
DD4*® 0.61 1.39 1.24 52.0
DDT1p4 0.66 1.36 1.35 51.9
3PAR, best-fitting 0.56 1.20 13 50.5
3PAR, fiducial 0.70 1.38 13 493
DDT1p4halo 0.62 1.55 13 49.1
HED6&* 0.26 0.77 072 38.2
DETO®* 1.16 1.38 1.44 12.1

LETTER

The rightmost column shows the improvement in 2, relative to the null hypothesis of no source, by assuming a type la supernova spectral model (no free parameters). The null hypothesis gives 72 =1,948.7 for

1,905 degrees of freedom.
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