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• 	
  Huge	
  amounts	
  of	
  energy	
  involved	
  in	
  the	
  explosion	
  
! They	
  inject	
  1051	
  ergs	
  per	
  event	
  of	
  kineIc	
  energy	
  
! They	
  produce	
  ~	
  1049	
  ergs	
  of	
  e.m.	
  energy	
  
! 	
  Lmax	
  ~	
  1010	
  Lo	
  
! They	
  are	
  at	
  the	
  origin	
  of	
  neutron	
  stars	
  and	
  stellar	
  black	
  holes	
  

• 	
  They	
  are	
  the	
  major	
  producers	
  of	
  iron	
  peak	
  elements	
  
! 	
  50-­‐60%	
  of	
  the	
  Fe-­‐peak	
  elements	
  are	
  produced	
  by	
  SNIa	
  

• 	
  They	
  are	
  	
  well	
  suited	
  to	
  provide	
  cosmological	
  distances	
  
! 	
  Discovery	
  of	
  the	
  accelerate	
  expansion	
  of	
  the	
  Universe	
  
! 	
  Dark	
  Energy	
  EoS	
  

Role	
  of	
  SN	
  

SN2007af	
  



From	
  B.	
  Leibundgut	
  



#	
  The	
  fate	
  of	
  these	
  cores	
  depends	
  on	
  the	
  rate	
  at	
  which	
  the	
  front	
  injects	
  
	
  	
  	
  energy	
  and	
  e-­‐captures	
  on	
  ashes	
  remove	
  energy	
  	
  
	
  	
  	
  -­‐	
  He	
  cores	
  always	
  explode	
  
	
  	
  	
  -­‐	
  C/O	
  cores	
  can	
  explode	
  or	
  collapse	
  
	
  	
  -­‐	
  	
  Hybrid	
  C/O-­‐O/Ne	
  can	
  explode	
  or	
  collapse	
  
	
  	
  -­‐	
  	
  O/Ne	
  cores	
  collapse,	
  explode?	
  
	
  	
  -­‐	
  Fe	
  cores	
  always	
  collapse	
  

#	
  Explosions	
  related	
  to	
  e.d.	
  cores	
  in	
  single/binary	
  stars	
  



Supernovae	
  

	
  (from	
  S.	
  Woosley	
  ppt)	
  

Gehrels	
  et	
  al	
  1987	
  
Ambwani	
  &	
  Sutherland	
  1988	
  
Burrows	
  &	
  The,	
  1991	
  
The	
  et	
  al	
  1993	
  
Ruiz-­‐Lapuente	
  et	
  al	
  1993	
  
Hoflich	
  et	
  al	
  1994	
  
Kumagai	
  &	
  Nomoto	
  1995	
  
Woosley	
  &	
  Timmes	
  1997	
  
Gómez-­‐Gomar	
  et	
  al	
  1998	
  
Summa	
  et	
  al	
  2013	
  

SNIa	
  are	
  caused	
  by	
  the	
  thermonuclear	
  	
  explosion	
  	
  
of	
  a	
  C/O	
  white	
  dwarf	
  near	
  the	
  Chandrasekhar’s	
  mass	
  	
  

in	
  a	
  close	
  binary	
  system	
  	
  

Colgate	
  &	
  McKee’69	
  
Clayton+’69	
  



INTEGRAL	
  
Comptel/CGRO	
  
SN1991T	
  (LichI+’94,	
  Morris+’97)	
  
	
  DetecIon	
  
SN1998bu	
  (Georgii+’01)	
  
	
  Upper	
  limit	
  
	
  

Integral	
  
SN2011fe	
  (Isern+’13)	
  Upper	
  limit	
  
SN2014J	
  DetecIon!	
  

	
  (Churazov+’14,15	
  
	
  Diehl+’14,15	
  
	
  Isern+’16	
  )	
  

	
  
	
  

The	
  necessary	
  condiBon	
  to	
  use	
  γ	
  –	
  rays	
  as	
  a	
  diagnosBc	
  
	
  tool	
  is	
  to	
  detect	
  them!	
  



#	
  Need	
  to	
  callibrate	
  
	
  	
  	
  the	
  Phillips	
  relaIonship	
  
#	
  Different	
  scenarios	
  &	
  
	
  	
  explosion	
  mechanisms	
  
	
  	
  can	
  coexist	
  
#	
  Each	
  scenario/explosion	
  
	
  	
  	
  has	
  the	
  own	
  gamma	
  
	
  	
  	
  signature	
  



Scenarios	
  

•  Single	
  degenerate	
  scenario	
  (Whelan	
  &	
  Iben’73,	
  
Nomoto’82,	
  Han	
  &	
  Podsialowski’04)	
  

•  Double	
  degenerate	
  scenario	
  (webbink’84,	
  Iben	
  &	
  
Tutukov’84	
  

•  Sub-­‐Chandrasekhar	
  scenario	
  (Woosley	
  &	
  
Weaver’94,Livne	
  &	
  Arnet’95,	
  Shen	
  et	
  al’13)	
  

•  WD-­‐WD	
  collision	
  scenario	
  (Kushnir	
  et	
  al’13)	
  
•  Core	
  degenerate	
  scenario	
  (Livio	
  &	
  Riess’03,	
  Kashi	
  
&	
  Soaker’11,	
  Soker’11)	
  

	
  



	
  56Co	
  lines	
  	
  

INTEGRAL:	
  SN2014J	
  	
  

eASTROGAM:	
  
DetecIon	
  of	
  56Co	
  lines	
  	
  
up	
  to	
  35	
  Mpc	
  (10	
  σ/	
  1Ms)	
  
	
  
#SNIa	
  ~10	
  in	
  3	
  years	
  	
  



SN2014J	
  early	
  emission	
  

145-­‐165	
  band/	
  16-­‐35	
  days	
  a.e.	
  
Excess	
  in	
  the	
  SN2014J	
  posiIon	
  
	
  5σ	
  (Isern+’16)	
  

Emission	
  of	
  56Ni	
  (158	
  &	
  812	
  keV)	
  
	
  mapped	
  onto	
  the	
  posiIon	
  of	
  
SN2014J	
  (cross).	
  (Diehl+’14)	
  



#	
  Despite	
  the	
  two	
  teams	
  disagree	
  in	
  the	
  details,	
  the	
  excess	
  	
  
	
  is	
  real	
  and	
  probably	
  caused	
  by	
  the	
  presence	
  of	
  56Ni	
  in	
  the	
  	
  
	
  outer	
  layers	
  
#Two	
  issues:	
  detached	
  blobs	
  from	
  the	
  interior	
  or	
  
	
  	
  	
  He	
  igniIon	
  (subCH)	
  "	
  More	
  precise	
  data	
  are	
  needed!	
  
#	
  eASTROGAM	
  could	
  detect	
  the	
  presence	
  of	
  2e-­‐3	
  Mo	
  of	
  Ni	
  

SN2014J, day ~18
e-ASTROGAM;  500 ks



Exemple:	
  SN2016jhr	
  displays	
  a	
  bump	
  
	
  in	
  the	
  early	
  light	
  curve.	
  Several	
  
	
  possible	
  origins:	
  SubCH,	
  	
  
interacIon	
  CSM...	
  
56	
  Ni	
  lines	
  would	
  provide	
  unambiguos	
  
	
  informaIon	
  about	
  the	
  origin	
  

The	
  proof	
  that	
  subCh	
  (He	
  ignited	
  SNIa)	
  really	
  exist	
  would	
  be	
  a	
  major	
  
	
  achievement:	
  annihilaIon	
  line,	
  frequency	
  of	
  SNIa,	
  chemical	
  evoluIon...	
  



Core	
  Collapse	
  Supernovae	
  

From	
  Tominaga+’05	
  

GRBs	
  



SNIIP,	
  SNIIL,	
  87A-­‐like	
  
#	
  Light	
  curve	
  with	
  a	
  large	
  variety	
  of	
  
shapes	
  caused	
  	
  by	
  the	
  different	
  
envelopes	
  
#	
  M56	
  ~	
  10-­‐6	
  –	
  10-­‐1	
  Mo	
  
#	
  SensiIvity	
  strongly	
  depends	
  	
  on	
  the	
  
width	
  of	
  the	
  line	
  
#	
  30-­‐70	
  Imes	
  more	
  sensiIve	
  	
  than	
  
INTEGRAL	
  @	
  847	
  keV	
  	
  	
  

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 × 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than −21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
−22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ −22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s−1 (absolute magnitude > −19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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Superluminous	
  supernovae	
  
#	
  Pair	
  instability	
  
#	
  Circumstellar	
  interacIon	
  
#	
  Massive	
  winds.	
  
#...	
  

In	
  all	
  cases	
  detecIon	
  of	
  56Ni	
  
	
  would	
  be	
  crucial	
  



#	
  The	
  mass	
  of	
  Ni	
  depends	
  on	
  the	
  iniIal	
  mass	
  

#	
  The	
  velocity	
  of	
  NS	
  	
  
and	
  the	
  associaIon	
  to	
  	
  
GRB	
  suggest	
  non	
  spherical	
  
events	
  "	
  Holes,	
  jets,..	
  
	
  
The	
  detecIon	
  of	
  56Ni-­‐56Co	
  
	
  	
  would	
  provide	
  basic	
  	
  
	
  	
  informaIon	
  as	
  proved	
  in	
  	
  
	
  	
  the	
  case	
  of	
  SN1987A	
  !	
  



Fe is produced in close physical proximity to the 44Ti. Some correlation
would therefore be expected. The simplest explanation for the lack of
correlation is that much of the Fe-rich ejecta have not yet been pene-
trated by the reverse shock and therefore do not radiate in the X-ray
band. Whereas X-rays from 44Ti decay are produced by a nuclear
transition and directly trace the distribution of synthesized material,
the Fe X-ray emission results from an atomic transition and traces the
(mathematical) product of the Fe density and the density of shock-
heated electrons; without the hot electrons, the Fe will not be visible in
the X-rays. A possible explanation of our observations is that the bulk
of the Fe ejecta in Cas A have not yet been shock-heated, further
constraining models18–20 of the remnant as well as the total amount

of Fe. An alternative explanation is that most of the Fe is already
shocked and visible, and that some mechanism decouples the produc-
tion of 44Ti and Fe and produces the observed uncorrelated spatial map.

Unshocked or cool, dense material (material that either was never
heated or has already cooled after being shock-heated) might still be
visible in the optical or infrared spectral band. The Spitzer space tele-
scope observes line emission from interior ejecta primarily in [Si II] but
it seems that there is not a significant amount of Fe present in these
regions21. However, if unshocked ejecta are of sufficiently low density
or have the wrong ionization states, then they will be invisible in the
infrared and optical. Low-density Fe-rich regions may in fact exist
interior to the reverse-shock radius as a result of inflation of the emit-
ting material by radioactivity (the ‘nickel bubble’ effect22).

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where it is synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J23. The presence of a signifi-
cant fraction of the 44Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.
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Figure 1 | The broadband hard-X-ray spectrum
of Cas A. Data from both telescopes over all
epochs are combined and shown as black data
points with 1s error bars. The spectra are shown
combined and rebinned for plotting purposes only.
Also shown are the best-fit continuum models for
a power law (blue) and a model that describes
electron cooling due to synchrotron losses (red).
The continuum fits were obtained using the
10–60-keV data and extrapolated to 79 keV with
the best-fit values for the continuum models
provided in Extended Data Table 2, although the
choice of continuum model does not significantly
affect the measurement of the lines (Methods).
When the continuum is extrapolated to 79 keV,
clearly visible line features (Extended Data Fig. 5)
appear near the 44Ti line energies. Inset: zoomed
region around the 44Ti lines showing the data and
the two models on a linear scale. The vertical green
lines are the rest-frame energies of the 44Ti lines
(67.86 and 78.36 keV). A significant shift of
,0.5 keV to lower energy is evident for both lines,
indicating a bulk line-of-sight velocity away from
the observer. Details of the data analysis, including
a discussion of the NuSTAR background features
(Extended Data Fig. 4), are given in Methods.
Extended Data Table 3 lists the parameters of the
best-fit Gaussian models of these features with
the error estimates described in Methods.

5′

N

E

Figure 2 | A comparison of the spatial distribution of the 44Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as shown by the compass in the lower left and spans just over 59 on
a side. The 44Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The 44Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 10099
(Methods and Extended Data Fig. 2). Shown for context in green is the Chandra
ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet–counterjet structure, the centre
of the expansion of the explosion2 (yellow cross) and the direction of motion of
the compact object (white arrow). In contrast to the bipolar feature seen in the
spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of 44Ti is much less elongated and contains knots of
emission away from the jet axis. A reason for this may be that the Si originates in
the outer stellar layers and is probably highly influenced by asymmetries in the
circumstellar medium, unlike the 44Ti, which is produced in the innermost
layers near the collapsing core.
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Si/Mg 
44Ti 

1

10

10 10 2 10 3

e-ASTROGAM

COMPTEL

SN 1987A

Cas A
10-5 M    44Ti per SNR
10-4 M    44Ti per SNR

SNR age (yr)SN
R

 d
ist

an
ce

 o
r 

3m
 h

or
iz

on
 (k

pc
)

44Ti	
  in	
  Cas	
  A	
  (NuSTAR)	
  
	
  

#	
  Distributed	
  in	
  knots	
  in	
  the	
  inner	
  
	
  	
  region	
  "	
  ConvecIve	
  instability	
  
	
  	
  (Grefenstere+’	
  14,17)	
  

#	
  eASTROGAM	
  would	
  allow	
  detecIon	
  
	
  	
  	
  of	
  44Ti	
  in	
  most	
  of	
  young	
  remnants	
  
	
  	
  	
  (<	
  500	
  yrs)	
  of	
  the	
  Milky	
  Way.	
  
#	
  SNR87A	
  and	
  the	
  youngest	
  in	
  LMC	
  





Scenarios	
  leading	
  	
  
to	
  a	
  SNIa	
  

Accreted	
  marer:	
  	
  
H,	
  He	
  or	
  C+O	
  

#	
  Everything	
  able	
  to	
  explode	
  eventually	
  do	
  it!	
  
#	
  At	
  a	
  first	
  glance	
  both	
  scenarios	
  SD	
  &	
  DD	
  can	
  coexist!	
  


