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Cobalt-56 c-ray emission lines from the type Ia
supernova 2014J
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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 56Co 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 fluxfitting procedure using SPI data (Methods) we construct a 40u 3 40u
image of the signal-to-noise ratio in the 800–880 and 1,200–1,300 keV
energy bands (Fig. 2). SN 2014J 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) during the observations of SN 2014J and in October–December 2013, that
is, a few months before the SN 2014J 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 (.100 keV) there is
excess at the position of SN 2014J only in the 2014 data. Previous ISGRI
observations of this field in 2009–2012, with a total exposure of about
6 3106 s, revealed no significant signal at energies .50 keV from M8220.
A combination of imaging and spectral analysis provides robust evidence of c-ray emission from SN 2014J. As expected, much of the signal comes from the 800–900 and 1,200–1,300 keV bands, where two
3 × 10–6

Flux (photons s–1 cm–2 keV–1)

A type Ia supernova is thought to be a thermonuclear explosion
of either a single carbon–oxygen white dwarf or a pair of merging
white dwarfs. The explosion fuses a large amount of radioactive 56Ni
(refs 1–3). After the explosion, the decay chain from 56Ni to 56Co to
56
Fe generates c-ray photons, which are reprocessed in the expanding ejecta and give rise to powerful optical emission. Here we report
the detection of 56Co lines at energies of 847 and 1,238 kiloelectronvolts and a c-ray continuum in the 200–400 kiloelectronvolt band
from the type Ia supernova 2014J in the nearby galaxy M82. The line
fluxes suggest that about 0.6 6 0.1 solar masses of radioactive 56Ni
were synthesized during the explosion. The line broadening gives a
characteristic mass-weighted ejecta expansion velocity of 10,000 6
3,000 kilometres per second. The observed c-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,
but do not exclude merger scenarios that fuse comparable amounts
of 56Ni.
The detailed physics of the explosion of type Ia supernovae (for example deflagration or detonation) and the evolution4,5 of a compact object
towards explosion remain a matter of debate6–9. In a majority of models,
the ejecta are opaque to c-ray lines during first 10–20 days after the explosion (because of Compton scattering). At later times, the ejecta become
progressively more transparent and a large fraction of c-rays escapes.
This leads to a robust prediction10 of c-ray emission from type Ia supernovae after few tens of days, dominated by the c-ray lines of 56Co. Such
emission has been observed before: the down-scattered hard X-ray continuum from supernova (SN) 1987A in the Large Magellanic Cloud was
seen half a year after the explosion11,12, and c-ray lines of 56Co were detected
several months later13,14. 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 2014J there
was not one close enough to detect. The recent type Ia SN 2011fe at a distance of D < 6.4 Mpc yielded only an upper limit on the 56Co line flux15.
SN 2014J in M82 was discovered16 on January 21, 2014. The reconstructed17 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
INTEGRAL19 started observing SN 2014J 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 expected flux from c-ray lines of 56Co is close to the maximum10. This set of
observations by the SPI and 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 2014J is shown in Fig. 1 using red and blue points for
SPI and ISGRI, respectively.
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Figure 1 | Gamma-ray lines from Co decay at 847 and 1,238 keV in the
spectrum of SN 2014J. 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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Figure 2 | Signatures of 56Co lines at 847 and
1,238 keV in SPI images. The broad energy
bands 800–880 keV and 1,200–1,300 keV are
expected to contain the flux from 56Co lines,
accounting for the expected broadening and
shifting due to the ejecta expansion and opacity
effects. The source is detected at 3.9 s.d. and 4.3 s.d.,
respectively, in these two bands. Colours show the
signal-to-noise ratio at a given position. Data
courtesy of IKI, MPA and the INTEGRAL team.
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prominent lines of 56Co 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 6 0.74) 3
1024 and (2.78 6 0.74) 3 1024 photons s21 cm22, were corrected for
the fraction of c-ray photons escaping the ejecta (this fraction is ,60%;
Methods), yielding an estimate of MCo 5 (0.34 6 0.07)M[ for the total
56
Co mass at day 75 (M[, solar mass). Correcting this value for the
secular evolution of the 56Co mass in the decay chain 56Ni R 56Co R
56
Fe, provides an estimate of the initial 56Ni mass: MNi 5 (0.61 6 0.13)M[.
An independent estimate of the 56Ni mass can be obtained from the
optical ‘bolometric’ light curve. The simplest approach is based on the
assumption21 that the bolometric luminosity at the maximum is approximately equal to the power of the radioactive decay at this moment. For
SN 2014J, the maximum bolometric luminosity is ,1.1 3 1043 erg s21,
attained on day 17.7 after the explosion22, assuming interstellar extinction
AV 5 1.7 mag in the V filter band. A thorough analysis of extinction23
yields AV 5 1.85 6 0.11 mag. This implies a 56Ni mass of (0.426 0.05)M[.
This is marginally consistent with the estimates based on the c-ray emission lines, which is not surprising, given the qualitative nature of this
estimate and the large and complicated extinction in the direction of
SN 2014J. A more direct test is the comparison of c-ray and bolometric
optical, ultraviolet and infrared luminosities at day 75. The latter is estimated to be ,1.1 3 1042 erg s21 (Methods). The total energy released
during decay of the 56Co isotope24 is split between neutrinos (,0.8 MeV),
kinetic energy of positrons (,0.12 MeV) and c-rays (,3.6 MeV). In our
fiducial model a fraction f < 0.77 of the luminosity in c-rays escapes the
ejecta at 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 positrons and 23% of the c-ray luminosity produced by 0.34M[ of 56Co yields an estimate of ,1.1 3 1042 erg s21 for
the rate of energy deposition in the ejecta, in good agreement with the
optical data. The same model predicts that ,3.3 3 1042 erg s21 escape
the ejecta in the form of hard X-rays and c-rays. The observed luminosities
of the 847 and 1,238 keV lines are ,4.7 3 1041 and ,8.1 3 1041 erg s21,
respectively.
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30′

30′

2014

The emergent lines are expected to be broadened and blueshifted because of ejecta expansion and the opacity effects (Methods and Extended
Data Fig. 3). Both effects are indeed observed (Fig. 4). The mean blueshift, averaged over both lines, corresponds to a velocity of VShift 5 23,100
6 1,100 km s21, and the broadening (root mean squared line-of-sight
velocity) is sc 5 4,100 6 960 km s21. These values are broadly consistent with expectations of our fiducial model (Methods).
Finally, at lower energies (100–400 keV) the emerging flux is dominated 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 consistent 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 56Co decay are thermalized in the ejecta and annihilate via positronium formation. Below 100 keV, the emission declines
strongly owing to photoabsorption.
It should be possible to derive stronger constraints from the combined analysis of the whole spectrum. As a first step, we constructed a
three-parameter (MNi; ejecta mass, MEj; characteristic velocity, Ve) model
that is capable of reproducing the main observables in the spectrum:
the c-ray line flux, the line broadening and the continuum flux below
511 keV (Methods). The model assumes spherical symmetry, complete
mixing of all elements over the entire ejecta, and an exponential density
profile25,26: r!e{v=Ve . All three parameters are treated as independent.
The level of mixing can in principle be determined from the time evolution of the c-ray flux. For example, early appearance of hard X-ray
emission from core-collapsed SN 1987A clearly demonstrated that Co
is mixed27 over the ejecta. A Monte Carlo code follows the propagation
of the c-ray photons through the ejecta and accounts for scattering and
photoabsorption of photons and annihilation of positrons (Methods).
We vary MNi, MEj and Ve over a wide range, calculate the expected
emergent spectrum and compare it (in terms of a x2 test) with the
observed spectrum. This procedure yields the following best-fit parameters and 1 s.d. confidence intervals for the individual parameters:
21
z1:9
MNi 5 0:56z0:14
{0:06 M[, MEj 5 1:2{0:5 M[, Ve 5 3,0006 800 km s . In this
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Figure 3 | Appearance of a new hard
(100–600 keV) X-ray source at the position of
SN 2014J. 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 2014J 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, 1 s.d.

model,
pﬃﬃﬃﬃﬃ the mass-weighted root mean squared velocity of the ejecta is
, 12Ve 510,000 6 3,000 km s21 (Methods and Extended Data Fig. 5).
The confidence contours in the MNi–MEj plane are elongated such that
the highest and lowest allowed values of MNi respectively correspond
to the highest and lowest values of MEj.
In more realistic models, based on calculations of explosive nucleosynthesis, 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
at day 75, scaled to the distance of M82, with the data. The list of models
and corresponding Dx2 values with respect to the null hypothesis of
no source are given in Extended Data Table 2. Remarkably, the canonical model of type Ia supernovae, W71, provides the best description of
the SN 2014J spectrum, with Dx2 5 54.4. The pure-detonation model
DETO28 produces too much 56Ni and can be reliably rejected. The subChandrasekhar model HeD629 instead produces a c-ray flux that is too
low and therefore can also be rejected. Our best-fitting three-parameter
model (3PAR), and delayed-detonation models DD430 and DDT1p
(E.B. et al., manuscript in preparation), designed to approximately match
SN 2014J properties in the visual band, offers a gain in Dx2 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 possible systematic uncertainties, this group of models cannot be rejected.
Overall, the good agreement with the canonical models shows that in
c-rays SN 2014J 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.
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Gilfanov, M. & Bogdán, Á. An upper limit on the contribution of accreting white
dwarfs to the type Ia supernova rate. Nature 463, 924–925 (2010).
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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 c-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 56Ni 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).

4 0 8 | N AT U R E | VO L 5 1 2 | 2 8 AU G U S T 2 0 1 4

©2014 Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH
METHODS
Observations. INTEGRAL is an ESA scientific mission dedicated to fine spectroscopy
and imaging of celestial c-ray sources in the energy range from 15 keV 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: J.I.; 1170001, public). Observations were performed
in a standard 5 3 5 pattern around the nominal target location: one source on-axis
pointing, 24 ‘off-source pointings’, with a 2.17u 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 (Extended Data Fig. 1). The total exposure of the clean data set is ,2.6 Ms.
SPI data analysis. SPI32 is a coded-mask germanium spectrometer on board
INTEGRAL. The instrument consists of 19 individual Ge detectors, and has a field
of view of ,30u (at zero response), an effective area of ,70 cm2 at 0.5 MeV and an
energy resolution of ,2 keV. The effective angular resolution of SPI is ,2u. During
SN 2014J observations, 15 out of 19 detectors were operating, resulting in slightly
reduced sensitivity and imaging capabilities compared with the initial configuration. The data analysis follows the scheme implemented for the analysis of the Galactic Centre positron annihilation emission33,34. 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 identified35 with known nuclear transitions in Ge and other elements, activated
by heavy particles, bombarding the SPI detector. For our analysis, we used a combination of single and pulse-shape-discriminator (PSD) events32, 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, Bi(E, t), were derived from a simple model of the observed
rates, Di(E, t), in individual SPI detectors, where i is the detector number and t is
the time of observation with a typical exposure of 2,000 s: Di(E, t) < S(E) 3 Ri(E, t)
1 Bi(E, t) 1 Ci(E). Here Ri(E, t) is the effective area for the ith detector, as seen
from the source position in a given observation, and Ci(E) does not depend on time.
The background rate is assumed to be linearly proportional to the Ge detectors’
saturated event rate, GSat(t), above 8 MeV, averaged over all detectors; that is,
Bi(E, t) 5 bi(E)GSat(t). The coefficients S(E), bi(E) and Ci(E) are free parameters
of the model and are obtained by minimizing x2 for the entire data set. Even though
the number of counts in individual exposures is low, it is still possible to use a plain
x2 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 large36. 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 56Co. For the entire data set there are in total 14,340 flux measurements by individual SPI detectors with a typical exposure time of ,2,000 s. Fitting this data set with a constant background model (that is, Di(E, t) < Ci(E)) yields
the reduced x2r 5 1.31 per degree of freedom. Adding a Bi(E, t) 5 bi(E)GSat(t) term
to the model reduces x2r 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 2014J—lowers x2 by Dx2 5 16.4, corresponding to a ,4 s.d. detection. For comparison, for the 600–800 keV band, which does not contain strong lines, the improvement in x2 by adding the source flux to the model is only 0.60, giving no significant
evidence for SN 2014J emission.
Despite its proximity, SN 2014J is still an extremely faint source in c-rays. Although precise measurements of line fluxes are challenging, a combination of spectral and imaging information makes our results very robust. To further test the
possible influence of variable background on our results, we repeated the calculation of the SN 2014J spectrum while dropping the Bi(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 ,104 times higher
than the source, can still suffer from the residual background features. The uncertainty in the distance D 5 3.53 6 0.26 Mpc (ref. 18) causes an additional ,15% uncertainty in the flux and, therefore, in the estimated mass of radioactive Ni and Co.
ISGRI/IBIS data analysis. The primary imaging instrument on board INTEGRAL
is IBIS37, which is a coded-mask aperture telescope with the CdTe-based detector
ISGRI38. It has higher sensitivity to continuum emission than SPI in the 20–300 keV
range and has a spatial resolution of ,129. We note here that neither ISGRI nor SPI
can distinguish the emission of SN 2014J from the emission of any other source in
M82. ISGRI, however, can easily differentiate between M82 and M81, which are
separated by ,309. 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 crosscorrelation 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

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 2014J discussed here.
Fitting 847 and 1,238 keV line parameters. The flux, energy centroid and broadening of the lines were evaluated by fitting a Gaussian to portions of the SPI spectrum 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 purposes we used heavily binned spectra (Figs 1 and 4), the fitting is done for the unbinned SPI spectrum in 0.5 keV-wide channels.
Because the decay time of 56Co (t 5 111.4 days) and branching ratios (1 and
0.66 for the 847 and 1,238 keV lines, respectively) are known24, it is straightforward
to convert line fluxes into the mass of 56Co visible to INTEGRAL at the time of
observation: MCo 5 (0.16 6 0.05)M[ and (0.27 6 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 56Co 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 56Co mass at day 75, MCo 5 (0.26 6 0.08)M[
and (0.42 6 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
MCo 5 (0.34 6 0.07)M[. Finally, a correction factor of 1/0.55 has been applied to
convert the mass of 56Co at day 75 to the initial mass of 56Ni: MNi 5 (0.6 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 c-ray lines should be unshifted (at least to first order in Ve/c, where c is the speed of light). Opacity suppresses c-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 VShift 5 23,100 6 1,100 km s21. This value
is slightly higher than the expected shift of 21,280 km s21, estimated from the fiducial model for c-ray photons escaping the ejecta without interactions.
The expected line broadening (root mean squared line-of-sight velocity), sc, for
transparent ejecta is directly related to the characteristic expansion velocity.
In the model with an exponential density profile, sc 5 2Ve. Indeed, in the model
we found for directly escaping photons, sc 5 5,860 km s21 < 2.1Ve. The Gaussian
fit to the observed lines yields a slightly lower value, sc 5 4,100 6 960 km s21. 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 broadening at the level of few 103 km s21 is very robust.
Simplified model. The emergent c-ray spectrum from a type Ia supernova is determined by interactions of c-ray quanta with the expanding ejecta and can be used as
a proxy for the most basic properties of the supernova15. Although detailed modelling of the properties of SN 2014J is beyond the scope of this Letter, we use a
simple model to qualitatively compare our results with expectations. Our basic observables are the line fluxes, primarily determined by MNi; line broadening, set by
the typical energy release per unit mass; and the flux below 511 keV, which is sensitive to the Thompson depth of the ejecta. Accordingly, we build a spherically symmetric model of homologously expanding ejecta with mass MEj, ignoring the possible
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anisotropy of the 56Ni distribution expected in the scenario of whitep
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ .
The density follows an exponential law25,26 r!e{v=Ve , where Ve ~ EK =6MEj and
is truncated at v~10Ve , and EK is the kinetic energy of the ejecta.
pﬃﬃﬃﬃﬃ In this model a
mass-weighted root-mean-squared velocity of the ejecta is 12Ve . 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 proportions (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: MNi, MEj and Ve. 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 MNi 5 0.7M[, MEj 5 1.38M[ and Ve 5 2,800 km s21, corresponding to EK 5 1.3 3 1051 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 c-ray photons is neglected. The positrons produced by b1 decay of 56Co (19% of all decays) annihilate in place via positronium 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 comparison with the observed spectrum, accumulated by INTEGRAL over days 50–100.
The contributions of various components to the total spectrum are shown in Extended 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 c-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 addition, three-photon annihilation, associated with the decay of ortho-positronium,
produces a significant contribution to the continuum flux. Unlike the scattered continuum, 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 MNi, MEj
and Ve, comparing the model with the spectrum and calculating x2. It is convenient to express the success of the model by the reduction of Dx2 relative to the null
hypothesis of no source. The null hypothesis gives x2 5 1,948.7 for 1,905 degrees of
freedom for the combined SPI1ISGRI spectrum. The best-fitting three-parameter
model has Dx2 5 50.5, corresponding to a 7.1 s.d. detection with MNi 5 0.56 M[,
MEj 5 1.2M[ and Ve 5 3,000 km s21, corresponding to EK 5 1.3 3 1051 erg. The
same model allows for calculation of 1 s.d. confidence intervals (for a single parameter of interest) by identifying parameter space, which has Dx2 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 (SPI1ISGRI) 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 Dx2 relative to the null hypothesis 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, DETO28, the subChandrasekhar model, HED6 (ref. 29), our three-parameter model 3PAR with fiducial 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 2014J 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 56Ni 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 scenarios22,40–42.
Optical bolometric luminosity during INTEGRAL observations. Using recent
BVRIJHK photometry43, we estimated the supernova optical bolometric luminosity
on day 75 after explosion (median of INTEGRAL observations). For AV 5 1.85 mag
and RV 5 1.6, we found the bolometric luminosity of ,1.13 1042 erg s21, 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

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 2014J.
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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 56Ni (day 50) and 57Co
(day 100).
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Extended Data Figure 4 | Contributions of various components to the
model spectrum. The lines are formed by c-rays escaping the ejecta without
interactions. The low-energy tail of each line is due to Compton downscattering of the photons because of the recoil effect. The ‘humps’ in the tails
correspond to the scattering by 180u. 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 Dx2 5 1 with respect
to the best-fit value and characterize the 1 s.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 56Co

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

The rightmost column shows the improvement in x2, relative to the null hypothesis of no source, by assuming a type Ia supernova spectral model (no free parameters). The null hypothesis gives x2 5 1,948.7 for
1,905 degrees of freedom.
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