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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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SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.
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Luminous Supernovae
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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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SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.
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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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SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.

Diversity of Cosmic Explosions  

γ-ray burst 

relativistic jet? baryonic or magnetic? black hole or magnetar?  

Margutti+ 14 

Diversity in energetic cosmic explosions 
- Supernova (SN): Ek~1051 erg in kinetic energy 
- Gamma-ray burst (GRB): Eγ~1051 erg in γ rays 
- Super-luminous supernova (SLSN): Erad~1051 erg in optical bands  
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Relativistic Jets: Key to GRB-SN Connection 

engine 

envelope 
or core 

jet 

“Successful” Jet “Choked” Jet 

GRB before breakout 
failed GRB or jet-driven SN 
(trans-relativistic SN? hypernova?)  

long GRB 

engine 

envelope 
or core 

jet 
jet power 

high ↔ ︎ low  
 

stellar size 
small ↔︎ large 

 
duration 

long ↔ ︎ short 

direct counterparts in e,g., γ rays indirect counterparts in e,g., opt, X rays 



Choked Jets as “Hidden” Neutrino Sources 

hydrodynamic jet assumed 

e.g., Meszaros & Waxman 01 PRL 
Razzaque+04 PRL,  

       Levinson & Bromberg 08 PRL 
KM & Ioka 13 PRL 

mildly relativistic shocks 

1.  Ballistic jets inside stars? 
→ collimation shock & collimated jet 

2.  CR acceleration possible?  
→ inefficient at radiation-mediated shocks 

high density → fpγ >> 1  
CRs are used for ν&γ 
“calorimetric” 
→ ν escape 
    no γ escape 

Neutrinos: smoking gun of rel. jets that cannot be directly seen by γ
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“Radiation Constraints” on Non-thermal Neutrino Production 

KM & Ioka 13 PRL 

allowed region 
(τT<1 at unshocked flow) 

← for Wolf-Rayet 
← for blue-super giant 

suppression region 
(radiation-mediated) 

Thomson optical depth 
τT=neσTΔ ∝ LΓ-2 

※ A bit different but 
similar derivation for 
collimation shock 

L: kinetic luminosity 
Γ: Jet Lorentz factor 



High-Energy Neutrinos from Jets inside Stars? 

The radiation constraint implies 

•  Lower-power jet is better 
•  Extended envelope is better 

• suppressed in powerful GRBs/slow-jet SNe (consistent w. obs.) 
Implications 



Is No Detection Surprise? - Not at All  

example: SN 2008D 
                    (jet assumed) 

constraints on Γ and Ej 

あ 

A&A 527, A28 (2011)

Fig. 4. Spectrum of SN 2008D according to the soft jet model for dif-
ferent assumed jet Lorentz factors and under the assumption that the jet
is pointing towards Earth.

n1 = n2 = n3 = 0 and b1 ≈ b2 ≈ b3, the signal upper limits
s̄i are identical for all three search windows to the fourth signif-
icant digit: s̄1 = s̄2 = s̄3 = s̄ = 2.44 (at 90% CL). The upper
limit Φ̄(90)

ν on the neutrino flux in terms of the expected flux
Φν is given by the ratio of the signal upper limit s̄ to the signal
expectation s:

Φ̄(90)
ν

Φν
=

s̄
s
· (4)

Due to the different signal expectations in each window, the
flux upper limits depend on the assumed emission time scale τe.
Therefore, we quote the limits on the soft jet model for canonical
parameters (Table 1) separately for each emission time scale τe
and at a reference energy of Eν = 100 GeV:

⎡
⎢⎢⎢⎢⎣
Φ̄(90)
ν (100 GeV)

GeV−1 cm−2

⎤
⎥⎥⎥⎥⎦ =
[

d
10 Mpc

] 2

×
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.035 τe = 100 s
0.058 τe = 1000 s
0.17 τe = 10 000 s.

(5)

Each limit is only valid under the assumption that the entire neu-
trino signal is contained in the corresponding time window. In
other words, SN 2008D could have emitted at most 19 (41, 122)
times more neutrinos than assumed under the soft jet model
with default parameters Γb = 3 and Ej = 1051.5 erg. A higher
flux would have been observed by IceCube with a probability of
90%.

The primary systematic uncertainty in these limits stems
from a possible bias in signal simulation, i.e. the value of s.
Systematics for IceCube 22 have been studied by Abbasi et al.
(2009a) and lead to a ∼15% uncertainty in s, corresponding to
a +17
−13 percent shift in the limits. Incorporating the uncertainty

of the BDT classification response, that is decreasing the signal
prediction and increasing the background expectation by the cor-
responding uncertainty resulted in a negligible shift of ∼0.5% in
the limits.

Next, we wish to constrain the main parameters of the model,
the kinetic energy release Ej and the Lorentz factor of the jet Γb.
Due to the significant Γb dependence of the hadronic break en-
ergy Eπ/K (1)

ν, cb ∝ E−1
j Γ

5
b and the radiative cooling break energy

Eπ/K (2)
ν, cb ∝ Γb, the number and spectral distribution of produced

neutrinos depends strongly on Γb (see Fig. 4). Moreover, the flux

Fig. 5. Expected number of events as a function of the assumed jet
Lorentz factor Γb under the assumption that the jet is pointing towards
Earth. The plotted numbers correspond to a 10◦-signal-region and cut
level 3 at which the background rate is 0.03 Hz.

Fig. 6. Constraints on the jet parameters Ej and Γb where E51.5 =

1051.5 erg. For each assumed emission time scale τe, the colored regions
are ruled out at 90% confidence level.

is scaled with Ej Γ
2
b which accounts for the energy release and the

beaming of the neutrino emission. At high boost factors, radia-
tive cooling of mesons sets in at lower energies than hadronic
cooling, i.e. Eπ (1)

ν, cb > Eπ (2)
ν, cb

(
EK (1)
ν, cb > EK (2)

ν, cb

)
for Γb >∼ 4 (Γb >∼ 9).

To derive constraints on Γb and Ej, we calculated the sig-
nal expectations in the intervals Γb = 1.5−10 and Ej =

1051−1052 erg. As Fig. 5 shows, the less efficient cooling as well
as stronger beaming in more relativistic jets leads to a drastic in-
crease in the signal expectation. Increasing Γb places more neu-
trinos at high energies >∼1 TeV where IceCube is more sensi-
tive, though the corresponding reduction in the jet opening angle
leads to smaller probability of jet detection. The measured sig-
nal upper limit s̄ = 2.44 and the signal predictions si

(
Γb, Ej

)
for

each window can be used to constrain the jet parameters Ej and
Γb through si

(
Γb, Ej

)
< s̄i. Values of Γb and Ej not fulfilling this

relation are ruled out at 90% CL. These limits are illustrated in
Fig. 6.

Finally, the scenario proposed by Koers & Wijers (2007)
shall be examined briefly. Assuming that meson re-acceleration
leads to a simple power law neutrino spectrum in the relevant

Page 6 of 8

IceCube 11 A&A 

naive assumption: ~30 events for successful/failed GRB@10Mpc (ECR
iso~0.5x1053 erg) 

    radiation constraints → ~0 events because jets are too powerful	

Ando & Beacom 05 PRL 
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“Radiation Constraints” on Non-thermal Neutrino Production 

KM & Ioka 13 PRL 

allowed region 
(τT<1 at unshocked flow) 

← for Wolf-Rayet 
← for blue-super giant 

suppression region 
(radiation-mediated) 

Thomson optical depth 
τT=neσTΔ ∝ LΓ-2 

※ A bit different but 
similar derivation for 
collimation shock 

L: kinetic luminosity 
Γ: Jet Lorentz factor 



High-Energy Neutrinos from Jets inside Stars? 

The radiation constraint implies 

•  Lower-power jet is better 
•  Extended envelope is better 

• suppressed in powerful GRBs/slow-jet SNe (consistent w. obs.) 
• choked jets: favorable as ν sources (difficulty in jet penetration) 
• clue: low-power GRBs (low-luminosity GRBs & ultralong GRBs) 

Implications 



Example 1: Ultralong GRBs 

- Ultralong GRBs (T~104 sec): may form a different population 
  (as common as classical long GRBs) 
- Long duration ~ fallback time of blue supergiants (POP III-like stars?)  
- SN emission can be explained by thermal cocoon emission 

Γ=5 

Γ=10 

20

Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.

SGRs 

TDEs? 

Galac-c sources  

LLGRBs 

SGRBs 

LGRB 

GRB 101225A 

GRB 111209A 

GRB 121027A 

Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.

UL GRBs 

classical GRB 

The Astrophysical Journal, 778:67 (11pp), 2013 November 20 Nakauchi et al.

Figure 1. Schematic picture of our BSG (blue supergiant) model for ULGRBs (ultra-long gamma-ray bursts). (0) Before jet breakout. A jet from the central engine is
piercing through a BSG star. The jet head moves with nonrelativistic speed, forming a hot cocoon. The activity of the central engine continues as far as the envelope
matter falls onto the central black hole. (1) After jet breakout: prompt phase. If we observe the event along the jet axis, it is a ULGRB with the duration of ∼104 s. From
the off-axis direction, we see nothing or dim orphan emissions. (2) After jet breakout: afterglow phase. Along the jet axis we see the standard afterglow emissions and
the CFPE (cocoon fireball photospheric emission) as a an SLSN-like (superluminous-supernova-like) bump. From the off-axis direction, we see only an SLSN-like
bump.
(A color version of this figure is available in the online journal.)

needs to invoke an envelope accretion of a more massive star
with an extended progenitor like a BSG. For example, given a
BSG with R∗ ∼ 1012 cm and M∗ ∼ 50 M⊙, we can estimate
the accretion time of the envelope as

δtγ ∼ 1.2 × 104
!

R∗

1012 cm

"3/2 !
M∗

50 M⊙

"−1/2

(1 + z) s. (2)

On the basis of this estimate, BSGs were proposed as progenitors
of ULGRBs (Gendre et al. 2013; Kashiyama et al. 2013).
According to the stellar evolution theory, metal-poor stars end
as BSGs with massive hydrogen envelopes and typical radii
of 1012–1013 cm. This is because the low opacity envelope
suppresses the line-driven mass loss from the stellar surface
(Woosley et al. 2002). Metal-poor stars with mass of 40–140 M⊙
are considered to form BHs with little mass ejection (Heger et al.
2003). Thus, by considering a metal-poor BSG like collapsar,
we can expect that the very long duration of ULGRBs are natural
outcomes (e.g., Woosley & Heger 2012).

Some LGRB afterglow LCs show bumps in the UV/optical/
IR band, which imply the presence of underlying SNe (Woosley
& Bloom 2006). So far, nearly a dozen LGRBs are confirmed
to accompany Type Ic SNe, which implies W-R stars as
progenitors. Thus, UV/optical/IR afterglow provides us a key
to determine the progenitor of GRBs. As we saw in the previous
section, GRB 111209A afterglow shows a J-band bump, and
the accompanying SLSN-like component is suggested. This
association, however, seems problematic for the BSG model,
because SN explosions may fail for massive BSGs. If BSGs
succeeded in SN explosions in some way, this time, a large
fraction of the progenitor envelope would be ejected away to
suppress the long-lasting accretion onto the central engine. This
dilemma forced us to consider another mechanism of SLSN-like
bump, which is CFPE.

In this paper, by considering the jet cocoon structure in
the collapsar envelope, we interpret the SLSN-like bump as
the CFPE, which strengthens our previous proposal that the

progenitor of a ULGRB is a BSG-like star (Kashiyama et al.
2013). While a collapsar jet is piercing through the progenitor
envelope, jet energy is dissipated at the jet head and is stored
in a cocoon consisting of hot plasma (Matzner 2003). Along
with the jet breakout, the cocoon also breaks out the progenitor
and its dynamics can be regarded as a nonrelativistic fireball.
Kashiyama et al. (2013) modeled the photospheric emission
from an expanding cocoon fireball in a rather simple manner.
We here refine our model so as to explain the observed features.
To make the paper easier to read for nonexperts, we show the
details of numerical methods in the Appendix.

4. COCOON FIREBALL PHOTOSPHERIC EMISSION
AS A SUPERLUMINOUS-SUPERNOVA-LIKE BUMP

OF AN ULTRA-LONG GAMMA-RAY BURST

In this section, we first focus on the SLSN-like bump of GRB
111209A. On the basis of the BSG model, we show that such a
bright UV/optical/IR emission can be interpreted as the CFPE.
Then, we apply our model to other two events and discuss the
possible constraints.

The calculation methods we use are shown in the Appendix in
detail. The schematic picture of our model is shown in Figure 1.
We overview our methods below.

1. First, we give the progenitor model and the jet opening angle
θj. Then, for a fixed jet efficiency ηj, we calculate the jet
propagation within the progenitor envelope and determine
the jet breakout time tbo on the basis of our previous works
(Suwa & Ioka 2011; Nakauchi et al. 2012; Kashiyama et al.
2013). By calculating the mass accretion rate after breakout,
we determine the duration of the prompt emission δtγ . The
ηj is adjusted so as to reproduce the observed duration
δtobs

γ . Cocoon parameters at breakout, Ec(tbo) and Mc(tbo),
are obtained at this stage (see Appendices A.1 and A.2).

2. Second, by considering the jet luminosity after breakout, we
determine the isotropic energy Eiso in the prompt phase. A
constant radiation efficiency ϵγ is introduced and is adjusted

3

Levan+14 ApJ 

Cocoon 

Blue 
supergiants 
(R~1012-13 cm) 

Nakauchi+13 ApJ 
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FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.

Example 2: Low-Luminosity GRBs (Trans-Relativistic SNe)  

supernova 

γ-ray burst Margutti+ 14 

Trans-relativistic 
supernovae 
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Figure 3. Energy fluxes of gamma rays corresponding to Figure 2. The emission
duration is equal to that of X-rays, tγ = 3.0 × 103 s. We show the cases of
DL = 10 and 100 Mpc (thick solid lines). For the former, we also show
the injected spectrum without attenuation (dashed line) and only including
attenuation within the emission region (thin line). The dotted line shows
0.5 hr = 1.8 × 103 s differential sensitivity of CTA for a 5σ detection.
(A color version of this figure is available in the online journal.)

region, we can roughly take into account the attenuation by
≈1/(1 + τγ γ ), where τγ γ is the e± pair production optical
depth (e.g., Baring 2006). The observed photon spectrum of
GRB100316D is employed to calculate the optical depth of the
emission region numerically, with a Rayleigh–Jeans tail below
εmin = 1 keV. This would be reasonable, since the result is not
affected much as long as the photon index there is harder than
1. We also take into account the attenuation by the extragalactic
background light (EBL; Kneiske et al. 2004).

Figure 3 shows the numerically calculated energy spectrum
of gamma rays. The thick solid line represents the expected
flux from a single LL GRB event at 10 Mpc and 100 Mpc.
The emission duration is set to that of the X-rays, tγ ∼
3.0 × 103 rsb,13.95 s. As a reference, we also show the injected
spectrum without attenuation (dashed line) and only including
the attenuation within the emission region (thin solid line) for
the 10 Mpc case. It can be seen that the attenuation of GeV !
Eγ ! 100 TeV gamma rays is mainly due to the photon field
in the emission region below/around ε " 1 keV. In our case,
the attenuation rate decreases with the energy because of the
Klein–Nishina suppression. On the other hand, gamma rays
above ∼100 TeV are mostly attenuated by the EBL. In Figure 3,
we also show the differential sensitivity of the Cherenkov
Telescope Array (CTA) for a 5σ detection with an exposure
time comparable to tγ , 0.5 hr = 1.8 × 103 s (dotted line; Actis
et al. 2011). CTA can detect the multi-TeV gamma rays even
from 100 Mpc, within which the all-sky event rate would be
∼2 yr−1 for RLL(z = 0) ∼ 500 Gpc−3 yr−1. The field of view
(FOV) of CTA with the shown sensitivity ∼5◦ would not be wide
enough for a blind search. On the other hand, a survey mode
with a wider FOV would not be sensitive enough to detect the
signal. Thus, for CTA, a rapid follow-up observation triggered
by a wide-field X-ray telescope such as Swift or a Lobster-type
instrument is needed. Assuming that the sky coverage is "10%,
one can expect "0.2 events yr−1 within 100 Mpc. The detection
rate would be increased by a simultaneous operation of HAWC
with a sensitivity ∼10−10 erg cm−2 s−1 for ∼100 TeV gamma
rays (DeYoung & HAWC Collaboration 2012).

A detection of the multi-TeV gamma-ray transient, as ex-
pected in this model, would also constrain the emission mech-

anism of LL GRB. This is in contrast to the relativistic jet
model, where, as in the neutrino counterpart, the typical energy
of the gamma rays injected by the photomeson reaction would
be "PeV, which will be completely attenuated by the EBL even
if they can escape the emission region.

5. SUMMARY AND DISCUSSION

We have shown that trans-relativistic shock breakouts in
SNe can be accompanied by multi-TeV neutrino and gamma-
ray transients. These can provide diagnostics for a radiation-
mediated shock converting into a collisionless shock, and
for baryon acceleration there. We can also get clues to the
emission mechanism of LL GRBs by detecting such high-
energy counterparts simultaneously with the prompt X-ray
emission. The multi-TeV gamma rays can be detectable even
from 100 Mpc away using CTA. These results motivate follow-
up observations triggered by a wide-field X-ray telescope such
as Swift.

While typically one expects very few neutrino events from
those trans-relativistic SNe, nevertheless, searches for them
would be aided by other possible counterparts. Using the
information of optical/infrared counterparts of core-collapse
SNe, one can essentially fix the position within the angular
resolution of IceCube/KM3net ! deg, and also restrict the
time domain of the neutrino search within ∼ day. The ANB
of IceCube/KM3net within a circle of a degree over a day
is roughly !10−5 Eν,100 TeV

−2 events day−1. In terms of this
ANB flux, neutrinos from trans-relativistic shock breakouts
within DL ∼ Eν,100 TeV Gpc can give a signal-to-noise ratio "1
(see also Figure 2). One could then statistically extract O(1)
astrophysical neutrinos by stacking the optical counterparts
of O(105) SNe within z ! 0.3, whether or not the X-ray
counterparts are observed. Given that the whole sky event
rate of such LL GRBs would be ∼3 × 104 yr−1 assuming
RLL(z = 0) ∼ 500 Gpc−3 yr−1, a decadal SNe search up to
z ! 0.3 with a sky coverage "10% is needed. While still a
challenging task, this kind of astronomy may be possible in the
LSST era (Lien & Fields 2009).

Non-GRB broad-line SNIc can also be accompanied by trans-
relativistic shocks with βshΓsh ∼ 1, which break out at a certain
radius and could produce neutrinos in the presence of material
with a shallow profile. Although the typical fraction of the
energy in the trans-relativistic component would be relatively
small, Eiso ! 1048 erg (e.g., Soderberg et al. 2010), the event rate
is larger than for LL GRBs, RIbc(z = 0) ∼ 2 × 103 Gpc−3 yr−1

(Madau et al. 1998). Thus, they could give a comparable or a
larger amounts of neutrinos by using the above stacking method.
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sions. This work is supported in part by a JSPS fellowship for
research abroad, by NSF PHY-0757155 and the CCAPP work-
shop on “Revealing Deaths of Massive Stars with GeV–TeV
Neutrinos.”
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High-Energy Shock Breakout Emission	 

•  LL GRBs may be ~100-1000 times more common than GRBs 
•  Could be caused by marginally failed or marginally successful jets 
•  CR acceleration at SN shock is expected after SN shock breakout  
•  TeV γ rays: detectable by VERITAS up to ~30 Mpc and CTA up to ~100 Mpc 
•  Detection can confirm the shock breakout scenario for LL GRBs 

Kashiyama, KM+ 13 ApJL 

EBL attenuation 

internal attenuation 

LL GRB 
T=3000 sec 

3

lower limit:

Rext ! 1013
! vext

0.2 c

"−2
cm (2)

This is consistent with the lack of color evolution at
t < tp and the model prediction that temperature
is dropping with time, reaching at the peak T (tp) ≈
50, 000(Rext/1013 cm)1/4 K (Nakar & Piro 2014). Thus,
the optical/UV light curve of SN 2006aj indicates that its
progenitor had a relatively compact core of several solar
masses, surrounded by ∼ 0.01 M⊙ which is extended to
a radius of a supergiant. This structure is very different
than the typically expected structure of a fully H stripped
progenitor, based on stellar evolution models, yet it must
be very common in GRB progenitors given that llGRBs
are more common than LGRBs. This progenitor struc-
ture has several far reaching implications for the physics
of llGRBs and their associated SNe, which are discussed
in the following sections.

3. SHOCK BREAKOUT ORIGIN FOR llGRBs

The Thomson optical depth of the extended material is
high, ∼ 3, 000(Rext/1013 cm)−2. As a result, the break-
out of the shock driven by the explosion takes place at
Rext. Radio observations show that the leading edge of
the outflow is mildly relativistic (Soderberg et al. 2006),
implying that the breakout must be at least at a mildly
relativistic velocity, i.e., vbo ! 0.5 c. Since rate con-
siderations indicate that the gamma-rays in llGRBs are
not strongly beamed (Soderberg et al. 2006) and late
SN spectroscopy and polarimetry show no signs of ejecta
a-sphericity (Mazzali et al. 2007), the breakout is not
expect to strongly deviate from a spherical symmetry. In
that case the main characteristics of a mildly relativistic
shock breakout signal, its luminosity, duration and typ-
ical photon energy, depend only on the breakout radius
(Nakar & Sari 2012):

Lbo ∼ 2 · 1046
Rext

3 · 1013 cm
erg s−1

tbo ∼ 1000
Rext

3 · 1013 cm
s (3)

Tbo ∼ 50 keV

This is similar to the actual gamma-ray signal of llGRB
060218 where Lbo,obs ≈ 3 · 1046 erg s−1, tbo,obs ≈ 1, 000
s and Tbo,obs ≈ 40 keV (Kaneko et al. 2007) and it
fits very well to a breakout radius Rext ∼ 3 · 1013
cm. Thus, the combination of optical/UV and radio
observations imply that a shock breakout signal is in-
evitable and that its properties are similar to the ob-
served llGRB . As shock breakout also explains a large
range of properties of the high energy emission from
llGRBs (e.g., smooth profile, spectral evolution, low
beaming; Nakar & Sari 2012), this result practically im-
plies that the entire gamma-ray signal in llGRB 060218 is
generated by a mildly relativistic shock breakout, with-
out any significant contribution from a relativistic jet.
It also lends a very strong support for the suggestion
that all llGRBs are shock breakouts (Kulkarni et al.
1998; Tan, Matzner & McKee 2001; Campana et al.
2006; Waxman, Mészáros & Campana 2007; Li 2007;
Katz, Budnik & Waxman 2010; Nakar & Sari 2012).

Core 
Extended 
mass 

1013-1014 cm ~1011 cm 

Core 

An Ultra-Relativistic jet 
Penetrates the core – choked in the extended material 

A mildly relativistic 
shock 

Shock 
breakout  

Gamma-rays/Hard X-rays 
(low-luminosity, un-collimated, soft, non-variable) 

Low-Luminosity GRB Long GRB 

Core 

An Ultra-Relativistic jet 
Penetrates the core 

Gamma-rays 
(luminous, collimated, hard, variable) 

~1011 cm 

Fig. 2.— A schematic sketch illustrating the similarity and dif-
ferences between llGRBs and LGRBs. Both explosions go through
a collapse of a similar core which leads to the formation of a sim-
ilar GRB engine and to a similar SN explosion. In both types
the GRB engine launches ultra-relativistic narrowly collimated jet,
which penetrates through the core. In LGRBs the jet is free to ex-
pand as soon as it is out of the core where it produces a luminous,
hard, narrowly collimated beam of gamma-rays which can vary in
time on short time scales. In llGRB the jet emerges from the core
into the low-mass extended material where it is choked and any
radiation that it produces is absorbed and cannot reach to the ob-
server. The jet energy is deposited in the extended material driving
a strong shock into it. The shock is much less relativistic than the
jet (most likely Newtonian) and it accelerates before breakout (of-
ten to a mildly relativistic velocity). Upon breakout it produces
low-luminosity soft gamma-rays which show no significant variabil-
ity with time and are not narrowly beamed.

4. A UNIFIED PICTURE FOR LGRBS AND llGRBs

If all llGRB progenitors have a similar structure to
that of llGRB 060218 then it provides a natural solution
to the puzzle why two explosions with similar inner
workings produce such different gamma-ray signals.
According to the standard model for LGRBs the burst
is powered by a central engine that launches a highly
collimated ultra-relativistic bipolar jet. In order to pro-
duce a LGRB the jet must first punch its way through
the star and then expand freely at ultra-relativistic
velocities to radii where generated gamma-rays can be
seen by the observer. While the jet drills through the
dense stellar matter its energy is dissipated and the
engine must continue to supply power into the jet if it is
to succeed punching through the star and produce the
observed LGRB (Zhang, Woosley & MacFadyen 2003;
Morsony, Lazzati & Begelman 2007; Mizuta & Aloy
2009; Bromberg et al. 2011). Thus, a necessary condi-
tion for the production of a LGRB is that the engine
working time is long enough to allow the jet to drill
through the star. Observations indicate that a typical
LGRB engine launches a jet at a typical isotropic
equivalent luminosity of Liso ∼ 1051 erg/s and a typical
opening angle θj ∼ 10o over a typical duration of ∼ 20 s
(Piran 2004). The total energy carried by the jet, after
correction for beaming, is ∼ 1051 erg. If the progenitor
is a bare H stripped star of several solar masses and
several solar radii it takes ∼ 10 s for the jet to penetrate
through the star (see appendix B; Bromberg et al.
2011), implying that the jet can successfully emerge
from the star and that the collapse of such a progenitor
can lead to a LGRB.
The picture, however, is very different if there is an

additional extended envelope surrounding the massive

Nakar 15 ApJ 

γ-ray spectra 
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TeV-PeV Neutrinos from Low-Power GRBs 

 Can account for the diffuse neutrino flux observed in IceCube 

pre-IceCube 
calculations by 
KM+ 06 ApJL 

IceCube 2015 

KM & Ioka 13 PRL 

“low-power GRBs” 

- Most of them are missed → stacking limits for classical GRBs are not applied 
- Better X-ray/γ-ray sky monitors (breakout) and nearby SN monitors (choked)     

IceCube 2014 

neutrino spectra 



High-Energy Neutrinos from Jets inside Stars? 

The radiation constraint implies 

•  Lower-power jet is better 
•  Extended envelope is better 

• suppressed in powerful GRBs/slow-jet SNe (consistent w. obs.) 
• choked jets: favorable as ν sources (difficulty in jet penetration) 
• clue: low-power GRBs (low-luminosity GRBs & ultralong GRBs) 

Implications 

It may be disappointing… However, a different 
promising mechanism can work in powerful jets    
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Neutron-Proton-Converter Acceleration in Powerful Jets 

neutron (neutral charge)  
- naturally injected into “Fermi-
like” acceleration 
- naturally loaded into 
relativistic jets 
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neutrino spectra 

KM, Kashiyama & Meszaros 13 PRL  

“boost” by NPC 
→ 0.1-1 TeV ν

quasithermal 
10-100 GeV ν

Kashiyama, KM & Meszaros 13 PRL  

efficiently works even for  
radiation-mediated shocks LL GRB 

T=1000 sec 
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Quasithermal Neutrinos: Even Without CR Acceleration 

- Quasithermal ν: εν~0.1ΓΓrelmpc2 (unavoidable for neutron-loaded jets) 
- Clear prediction for GRBs (successful jets): 
  εν2φν~εγ2φγ=prompt γ-ray fluence (in the photospheric scenario) 
- Detectable in ~10 yrs and dedicated LE ν searches are necessary  

Ek
iso/Eγ

iso=4 
Eγ

iso=1053.5 erg 
Γ=600, z=0.1 

KM, Kashiyama & Meszaros 13 PRL 
See also KM 08 PRD(R) 
               Bartos+ 13 PRL  

εν ~ 30-300 GeV 
Atm. ν

DeepCore 

neutrino spectra 

classical GRB 
T=30 sec 
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Newborn Pulsar Paradigm 
Newborn pulsar engines may launch relativistic winds as well as jets  

low power? 
(low magnetic field)  

high power? 
(high magnetic field)  

(e.g., Thompson+ 04 ApJ) 



Mej = 5 Msun, MNi = 0.1 Msun, Esn = 3 × 1051 erg
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Unification by Newborn Pulsars?  

•  SLSN-I - hypernova – SN Ibc(?) connection 
•  SLSN-I - UL GRB connection, hypernova - GRB connection 

Diversity of Transients from Magnetar Birth 3

Figure 1. Parameter space of dipole magnetic field Bd and birth spin period P0, calculated for Mej = 3M

�

, MNi = 0.2M

�

,  = 0.2 cm2 g�1, Ek,0 = 1051 erg
and M = 1.5M

�

. Dashed blue contours show the peak spin-down luminosity (top panel) and the characteristic spin-down timescale (bottom panel), the later
potentially associated with the LGRB duration. Solid black contours show the peak SN luminosity LSN (top panel) and peak timescale tSN (bottom panel).
Superluminous (SLSNe), powered by NS rotational power, have LSN

⇠

> 1043 erg s�1. Dark green circles show the NS parameters inferred by previous fits to
other SLSNe-I by Nicholl et al. (2014) and Chatzopoulos et al. (2013) (we caution that the best fit ejecta mass was not usually equal to the 3M

�

assumed in
calculating the contour lines). Red circles show fits from this paper to GRB 111209A/SN2011kl (Greiner et al. 2015), ASASSN-15lh (Dong et al. 2015), and
Sw J2058+05 (Pasham et al. 2015). GRB111209A/SN2011kl is constrained by the requirements: SN peak luminosity LSN = 3⇥1043 erg s�1 (solid black line),
SN peak time tSN = 15 days (dashed black line), ejecta velocity vej ⇡ 2 ⇥ 104 km s�1 (solid green line), and a GRB of duration T� = tsd ⇡ 1.4 ⇥ 104 s (dashed
blue line). ASASSN-15lh is constrained by: SN peak luminosity LSN = 3 ⇥ 1045 erg s�1 and SN peak time tSN ⇡ 35 days.

c
� 2014 RAS, MNRAS 000, 1–??

SLSNe I/GRBs/some SNe may be explained by newborn pulsars 

Kashiyama, KM, Bartos+ 15 Metzger+ 15 

main energy sources: rotation energy, radioactivity (nickel), kinetic energy   
strong parameter degeneracy → multi-wavelength/multi-messenger approach 
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High-Energy Long-Duration Transients 

Model parameters calibrated by optical SN lightcurves 
→ Hard X-ray detection: <~100-500 Mpc by NuSTAR 
→ GeV γ-ray detection: <~10-100 Mpc by Fermi or possibly by IACTs 
- Follow-up or stacking searches for month-to-year transients   
- Possible GW emission is also expected up to ~20 Mpc 

Q. Is all rotation energy converted into thermal radiation energy (in opt.)?   
A. In Galactic PWNe, most energy is used for lepton (e--e+) acceleration  
→ search for newborn pulsars ↔︎ study of mag. dissipation & particle acc.  

Kashiyama, KM, Bartos+ 15 KM, Kashiyama+ 15 ApJ 

D=16.5 Mpc 

(see also Kotera+ 14 MNRAS) 

γX 



and the corresponding peak energy Ehad
!;pk !

300 PeV"3=4
"1#

"3=4
33 $3=4

SN;"1M
"1=4
SN;1 which agree with

Figs. 1 and 2. Note that cases of Thad # TEM are consid-
ered. The main contribution comes from the cosmic rays
produced at t! Thad. Since E2

!%!ðtÞ / E2 dN
dE ðtÞ / EM=#,

the neutrino fluence per flavor around the peak time is
roughly estimated as !10"4 erg cm"2 D"2

5 Mpcfmesfsup &
"3=4
"1#

"7=4
33 $3=4

SN;"1M
"1=4
SN;1 . The total expected muon event

rates (above 100:5 TeV) by IceCube is N# ! 2D"2
5 Mpc

events in two days, which will be more than the atmos-
pheric neutrino-induced event rates within 1', Natm

# !
10"2:5 events=day. Magnetars arising at distances closer
than 5 Mpc would yield higher fluxes observed as neutrino
multiplets, which allow us to recognize them as signals
without coincident detections with photons and even to see
the characteristic soft-hard-soft behavior. Since the mag-
netar birth rate is !10"3 yr"1 galaxy"1, the probability to
encounter a birth is non-negligible. From the number of
local galaxies, we expect !0:02–0:05 yr"1 for the birth of
magnetars within 5 Mpc [16].
One may expect an additional radiation field, leading to

p& neutrinos in addition to pp neutrinos. For example, if
the magnetar wind drives the SN explosion in its birth [4], a
significant fraction of the outflow energy may be dissipated
as radiation via the shocks. (The radiation field can also
be expected in case of GRB jets in the star [17].) There-
fore, we also show the case where the radiation field is

included. In Figs. 1 and 2, the case for kT& ’
0:4 keV'1=4& E1=4

exp;51$
"3=4
SN;"1t

"3=4
3 is also shown. Here Eexp is

the outflow energy and '& is the radiation efficiency. When
the radiation field exists in the SN ejecta, the previous
expression of fmes should be replaced with fmes !
minð1;maxðfpp; fp&ÞÞ, where the effective optical depth
for the photomeson production, fp&, is roughly estimated

as fp& ( (p&)p&n&!SN ’ 380'3=4& E3=4
exp;51$

"5=4
SN;"1t

"5=4
4

around the !-resonance energy of E! ’
2:4 PeV '"1=4

& E"1=4
exp;51$

3=4
SN;"1t

3=4
4 . Here, (p& ! 0:2, )p& !

5& 10"28 cm"2 at the !-resonance. Correspondingly,
the expression of fsup includes the cooling of mesons and
muons due to interactions with photons as well as their
hadronic cooling. Following Ref. [14], neutrino spectra are
numerically calculated, taking into account the radiation
field. Although the radiation field can change spectra as a
result of the difference in the meson multiplicity, we may
expect that the total energy fluence around the peak energy
and the qualitative feature are similar.
Next, let us consider the sum of neutrinos from individ-

ual magnetars, i.e., the cumulative neutrino background.
The typical magnetar rate would be!10% of core-collapse
(CC) SN rate, RSNð0Þ ! 1:2& 105 Gpc"3 yr"1 [1,18].
Possibly, the birth rate of fast rotating magnetars may be
comparable to that of HNe that may be powered by mag-
netars, implying RHNð0Þ ! 2& 103 Gpc"3 yr"1 [18]. By
using our numerical results, the cumulated fluxes can be
estimated as [14,19]

E2
!"! ! 3& 10"9 GeV cm"2 s"1 str"1fmesfsup"

3=4
"1#

"7=4
33

& $3=4
SN;"1M

"1=4
SN;1

fgeo
0:5

fz
3

Rmagð0Þ
1:2& 103 Gpc"3 yr"1 ;

(4)
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FIG. 2 (color online). Neutrino light curves corresponding to
Fig. 1 at 100 TeV (dashed line), 1 PeV (dotted line), 10 PeV
(dotted-dashed line), 100 PeV (double dotted line), and the ratio
of 10 PeV fluence to 100 TeV fluence (thick line). Cooling of
mesons and muons is important at t & 2 days, while the amount
of accelerated protons decreases with time. Thick/thin lines are
for the cases without/with the radiation field.
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tions are considered.
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HE Neutrino Transients from Newborn Pulsars? 

- Pulsar wind bubble: tenuous plasma at sufficiently late times　 
→ possible ion acceleration (<~10% ) has been speculated 
- GeV-EeV ν: smoking gun of wind & particle acceleration  
- Newborn pulsars are suggested as the origin of UHECRs   

(KM, Meszaros & Zhang 09 PRD) 

flux suppression 
due to hadronic  
cooling of mesons 

day-to-year  
ν transients 

(ex. Arons 03 ApJ) 

nucleons, for which the opacity is fpp > 10, as shown in
Fig. 1. This figure shows that neutrino production in the
parameter space that can produce UHECRs is unavoidable.
Our results are only mildly sensitive to the ejecta mass as
long as Mej ≳ 3M⊙ [12]. Thus, for typical type II super-
novae, hadron interactions and the subsequent production
of EeV neutrinos should be efficient in this minimal
newborn pulsar model.
In our work the interactions with the baryonic back-

ground of the supernova ejecta (assumed to consist of
hydrogen, as more sophisticated components have little
effect on the escaped cosmic-ray characteristics [12]) were
calculated by Monte Carlo for injected nuclei and their
cascade products as in Refs. [12,13,18]. Tables for πp
interactions were generated using the hadronic model
EPOS [19]. Note that neutrinos from secondary nuclei
contribute significantly and dominate over leading nuclei in
neutrino production.

III. DIFFUSE NEUTRINO INTENSITY

According to Ref. [20], the distribution of pulsar
birth spin periods, fðPÞ, is normal and centered at
300 ms, with a standard deviation of 150 ms. Note that
among this population, the sources capable of producing
the highest-energy cosmic rays are (rare) pulsars born
with millisecond periods and average magnetic fields
[12]. The initial magnetic field follows a log-normal dis-
tribution fðBÞ with hlogðB=GÞi ¼ 12.65 and σðlogBÞ ¼
0.55. The averaged neutrino and cosmic-ray spectrum
from the pulsar population is then [13] hdN=dEi ¼R
dN=dEðP; BÞfðPÞdPfðBÞdB. This population of

extragalactic pulsars is expected to contribute to the diffuse
neutrino background, which is given by

Φν ¼
fs
4π

Z
zH

0

Z
tν

0

dNν

dt0dEν4πD2
dt0ℜðzÞ4πD2 dD

dz
dz: ð1Þ

The inner integral counts the neutrinos emitted by each
pulsar toward the Earth during its neutrino-loud lifetime
tν ¼ min ðtpp; tπÞ. In simulations, this integral is calculated
by summing up the spectra from pulsars with 19 × 19 sets
of ðPi; logBÞ over the pulsar distributions. This averaged
contribution from an individual star is then integrated over
the entire source population in the Universe up to the first
stars, corresponding to redshift zD ≈ 11. The local birth rate
of pulsars is set to the rate of core-collapse supernova, of
order ℜð0Þ ≈ 1.2 × 10−4 yr−1Mpc−3 [21], as a large frac-
tion of such events produce neutron stars [22]. The source
emissivity is assumed to either follow the star formation rate
(SFR) [23], or to be uniform over time. The ion injection rate
is reduced by the pair loading, particle acceleration mech-
anisms, and geometry of the current sheet, all of which are
taken into account by a prefactor fs < 1. Cosmic rays lose
energy during their propagation in the IGM by interactions
against cosmic radiation backgrounds, pair production and

cosmological expansion. We use here the propagation
calculations by Monte Carlo done in Ref. [13]. Then fs is
obtained by fitting the simulation output to the observations.
Note that the escaping cosmic-ray flux is also proportional to
fs, so the resulting neutrino flux does not depend on fs since
it is directly normalized by the cosmic-ray data. The injected
elements are divided into three groups (adding more
elements does not refine the fit, and introduces unnecessary
free parameters): hydrogen, the carbon group (CNO), and
iron. The relative abundance of these groups is chosen to best
fit the spectrum and the main estimators of the composition
measured byAuger, namely themean air-shower elongation
rate hXmaxi and its root-mean-square RMSðXmaxÞ.

FIG. 2 (color online). Top: Spectrum of UHECRs from
ewborn pulsars, assuming source emissivity following SFR
and injection composition: 50% H, 30% CNO and 20% Fe.
Overlaid are measurements by the Auger Observatory [24] and
the Telescope Array [25] with the energy rescaling suggested in
Ref. [26]. Bottom: Values of estimations of UHECR composition,
hXmaxi and RMS(Xmax) of the Auger data [24] (black crosses) and
simulation results with pulsar sources (blue shaded region where
pulsars contribute to more than 80% of the total flux, hashed
region for less). Three hadronic interaction models, EPOS-LHC
(solid), QGSJetII-04 (dotted) and Sibyll2.1 (dash) are used to
estimate the range of hXmaxi and RMS(Xmax) [27]. The red and
dark blue lines correspond to 100% P and 100% Fe.
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Summary 
Multimessenger connections can be used as probes of 
cosmic explosion connections 
 
What can we learn from search for neutrino transients? 
1. Low-power jets as TeV-PeV ν “bursts” 
    (ex. roles of jets, particle acceleration in choked jets) 
2. Powerful jets as GeV-TeV ν “bursts” 
    (ex. neutron loading in jets, jet acceleration, 
           particle acceleration at radiation-mediated shocks) 
3. High-energy counterparts of LL GRBs/TRSNe & UL GRBs  
4. ν “transients” from pulsar-aided SNe  
    (ex. roles of nascent pulsars, mag. dissipation & particle acc.)  
5. ν “transients” from interaction-powered SNe  
    (ex. onset of particle acceleration) 
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dissipation radius), the shock is radiation-mediated — the
Thomson optical depth is larger than c/Vs (Weaver 1976;
Katz et al. 2010), where Vs is the shock velocity — and
efficient CR acceleration is not expected because the CR
collisionless mean free path is much shorter than the de-
celeration length. However, as the shock propagates in the
CSM, photons can stream out ahead of the shock, and pho-
ton energy can no longer support the shock (i.e., shock
breakout). After the breakout, for wind-like CSM pro-
files, the shock will become collisonless and CR accelera-
tion can be efficient (Murase et al. 2011; Katz et al. 2011;
Kashiyama et al. 2013). Recently, Murase et al. (2011) con-
sidered a collision between the SN ejecta with a CSM shell
and found that CR protons may be accelerated, and further-
more that the protons may experience strong pionic losses
via inelastic pp collisions, producing gamma-rays and neu-
trinos. Thus, interaction-powered SNe may be interesting
CR accelerators and high-energy/multi-messenger emitters.
In this work, we continue our study of the possibility of the
non-thermal emission from the shock interaction of a SN em-
bedded in a dense CSM. In particular, we focus on the sec-
ondary electrons and positrons expected from the same pp
collisions that give rise to neutrinos and gamma rays. Impor-
tantly, we show that these secondaries can emit detectable
synchrotron radiation at high-frequency radio wavelengths
including mm/submm and FIR bands.

In Section 2, we review the shock physics and the po-
tential for CR acceleration in interaction-powered SNe, pro-
viding a much more detailed discussion than Murase et al.
(2011). Section 3 gives a brief discussion of the high-energy
emission expected, and recipes that connect the observed
optical emission to the non-thermal signatures are provided
in Appendix A. In Section 4 we discuss high-frequency ra-
dio diagnostics. For a range of CSM parameters, we show
that secondary leptons from pp interactions should radi-
ate synchrotron at ∼ 3 − 3000 GHz, and with fluxes of
∼ 0.01−0.1 mJy at distances of hundreds of Mpc. In Section
5, we summarize our results.

Throughout this work, we use the notation Q = Qx10x

in CGS unit unless we give notice.

2 BASIC SETUP

In this preparatory section, before we discuss non-thermal
signatures, we explain the picture of interaction-powered
SNe and describe the basic physical setup.

Let us consider SN ejecta with the kinetic energy Eej

and the velocity Vej. Noting Eej = MejV
2
ej/2 for the ejecta

mass Mej, the momentum and energy conservation laws give

MejVej +McsVcs = (Mej +Mcs)V (1)

1
2
MejV

2
ej +

1
2
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2
cs =

1
2
(Mej +Mcs)V

2 + Ed, (2)

where Mcs is the total CSM mass and Vcs(< Vej) is the CSM
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Figure 1. The schematic picture of the interaction-powered SN
scenario.

velocity. The total dissipated energy Ed is written as

Ed =
Mcs

Mej +Mcs

1
2
Mej(Vej − Vcs)

2

≈ Mcs

Mej +Mcs
Eej, (3)

where Vej ≫ Vcs is used in the last equality. The above
equation suggests that a significant fraction of Eej can
be dissipated if the CSM mass is large (see also, e.g.,
van Marle et al. 2010; Moriya et al. 2013b). Density profiles
of both the ejecta and CSM are important for detailed pre-
dictions. For example, when the density profile of the ejecta
is steep enough and most of its energy is carried by lower-
velocity ejecta material, the explosion has driven waves that
can be described by Chevalier-Nadezhin self-similar solu-
tions (Chevalier 1982a). When the shock wave sweeps up
ambient mass comparable to Mej and it is non-radiative, we
expect blast waves that can be described by Sedov-Taylor-
like self-similar solutions (see Truelove & McKee 1999, and
references therein). In this work, to push the basic idea and
avoid uncertainty in the ejecta profile and many other com-
plications due to radiation processes, we discuss non-thermal
properties without relying on such details. Our treatment
still provides an order of magnitude estimate of expected
non-thermal signals, and a more detailed study will be pre-
sented in an accompanying paper (Murase et al. 2014).

Hereafter, we assume that the CSM has a wind-like
power-law density profile and extends to the edge radius of
the wind, Rw. We expect that this is reasonable (see, e.g.,
Ofek et al. 2014), although details are uncertain due to poor
understandings of the CSM eruption mechanism. Then, the
CSM density is written as

ϱcs = DR−2
0

!

R
R0

"−s

≃ 5.0× 1016 D∗R
−2
0

!

R
R0

"−s

g cm−3

(4)
where R should be expressed in cm, R0 = 1015 cm, and D∗
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emission expected, and recipes that connect the observed
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dio diagnostics. For a range of CSM parameters, we show
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Luminous Supernovae as Long-Duration Transients  

•  SLSN-II (hydrogen) - interaction-powered? (cf. IIn) 
•  SLSN-I (hydrogen poor) - pulsar-powered? 

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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Luminous SNe 
conventional explanations  
for I and II often have difficulty 



Possible Gravitational Wave Signals? 

Various possibilities: for example, quadrupole approx. for an elliptical figure 

GW sources will be easily identified with gamma rays and X rays 

(ex. Cutler & Jones 01  
       Dall’Osso+ 09) 

2 Murase et al.

band non-thermal emission should naturally be expected
as well (e.g., Verezinskii & Prilutskii 1978; Gaisser et al.
1987; Volonteri & Perna 2005; Medvedev & Poutanen
2013; Kotera et al. 2013). In particular, Kotera et al.
(2013) recently argued that TeV gamma rays provide
promising signals that are detectable by gamma-ray
telescopes. Future gamma-ray telescopes such as the
Cherenkov Telescope Array (CTA) (Actis et al. 2011)
will also be useful. Another interesting signature is pre-
dicted at soft X rays (Metzger et al. 2014), and breakout
gamma-ray emission is also expected a bit earlier than
breakout optical emission. At early stages, the photon
density in a wind bubble are large enough for the two-
photon annihilation process and subsequent electromag-
netic cascades should occur. The surrounding ejecta den-
sity is also quite large, where X rays and gamma rays are
significantly attenuated. Focusing on hard X rays and
gamma rays, we here provide detailed studies of high-
energy photon spectra of pulsar-aided SNe 6, and show
that their non-thermal signatures are useful to under-
stand how efficient lepton acceleration begins in PWNe.
Driving mechanisms of super-luminous SNe, hypernovae
and GRBs are unknown. Thus, successful detections of
such high-energy signals, which support the existence of
fast-rotating NSs embedded in stellar material, will help
us reveal links between these energetic SNe and ordinary
SNe. In addition, proto-NSs have also been considered
as promising sources of gravitational waves (GWs) (see
reviews, e.g., Kokkotas 2008; Bartos et al. 2013, and ref-
erences therein). In particular, if a millisecond pulsar is
significantly deformed, a fraction of the rotational energy
can be emitted as GWs (e.g., Ostriker & Gunn 1969; Cut-
ler 2002; Stella et al. 2005; Dall’Osso et al. 2009), which
is detectable by second-generation ground-based GW in-
terferometers such as Advanced LIGO (Harry & LIGO
Scientific Collaboration 2010), Advanced Virgo (Acer-
nese et al. 2014), and KAGRA (Somiya & KAGRA Col-
laboration 2012).
In Section 2, we describe the basic picture and method

of calculation. We also provide analytic spectra, taking
into account the Klein-Nishina (KN) effect that is rele-
vant in our problem. We show our numerical results in
Section 3. In Section 4, we additionally discuss related
issues and then summarize our results.
Throughout this work, we use the notation Q = 10xQx

in CGS unit unless noted otherwise.

2. BASIC SETUP

2.1. Dynamics

A massive star with ! 8M⊙ has been believed to cause
a SN explosion, leaving a proto-NS or black hole. The NS
is initially hot, and cools down in the Kevin-Helmholtz
time scale of ∼ 10 − 100 s. Initially, mass losses are
mainly caused by a thermal neutrino-driven wind, and a
hot wind-driven bubble forms in the SN cavity. When
the NS is rotating and magnetized, its early pulsar wind
is expected to become Poynting-dominated and relativis-
tic (e.g., Thompson et al. 2004). Then, as in Galactic
PWNe, one may expect that almost all the spin-down
power is converted into radiation. The rotation energy

6 Here we consider both cases where spin-down power is domi-
nant (i.e., pulsar-powered SNe) and sub-dominant.

budget is

Erot,i =
I(2π/Pi)2

2
≃ 2.8× 1051 erg P−2

i,−2.5, (1)

where I ≈ 0.35MnsR2
ns ≃ 1.4 × 1045 g cm2 is the mo-

mentum of inertia (Lattimer & Prakash 2001), where
Mns = 1.4 M⊙ and Rns = 12 km are used. The ini-
tial mass-loss rate is governed by the neutrino-driven
wind, and then the wind is carried by electrons and/or
positrons especially after the proto-NS is transparent to
neutrinos. In the late phase, the spin down of the NS is
approximated by

−
dErot
dt

= Lem + Lgw, (2)

where the electromagnetic spin-down luminosity is

Lem≈
µ2(2π/P )4

c3
(1 + C sin2 χµ). (3)

Here µ ≡ 0.5BdipR3
ns is the magnetic moment, C ∼ 1 is a

pre-factor suggested from magnetohydrodynamics simu-
lations (Gruzinov 2005; Spitkovsky 2006; Tchekhovskoy
et al. 2013), and χµ is the angle between the magnetic
and rotation axes. Rotating proto-NSs can be unstable
to non-axisymmetric deformations, potentially causing
strong GW emission via rotation instabilities including
dynamical or secular one, and/or via magnetic distor-
tion (see Kokkotas 2008; Corsi & Mészáros 2009; Bar-
tos et al. 2013, and references therein). For instance, in
the quadrupole approximation, the GW luminosity can
roughly be estimated to be

Lgw ∼
32

5

G(ϵGI)2(2π/P ′)6

c5
, (4)

ϵG is the ellipticity and P ′ is the pattern period of the
elliptical figure. In particular, strong toroidal magnetic
fields may make the NS prolate, and the configuration
can increase the angle between deformation and rotation
axes until they are orthogonal, where the GW emission
can be described by the quadrupole emission of a rotat-
ing, non-axisymmetric body deformed by internal mag-
netic fields (e.g., Cutler 2002; Stella et al. 2005; Dall’Osso
et al. 2009).
In most cases in which we are interested, Lem is dom-

inant, and Lem is estimated to be 7

Lem=Lem,i

!

1 +
t

tem

"−2

≃

#

8.6× 1045 erg s−1 P−4
i,−2.5B

2
dip,14 (t ≤ tem)

8.9× 1042 erg s−1 B−2
dip,14t

−2
7 (t > tem)

(5)

Here the characteristic spin-down time is given by

tem =
P 2
i Ic

3

4π2B2
dip,14R

6
ns

≃ 3.2× 105 s B−2
dip,14P

2
i,−2.5. (6)

7 Different expressions of Lem lead to different numerical val-
ues. When we adopt the conventional magnetic dipole formula, we

have Lem = 4
9

µ2(2π/P )4

c3
(Ostriker & Gunn 1969). In this case, at

t ≫ tem, we have Lem ≃ 6.1 × 1047 erg s−1 B−2
dip,15I

2
45R

−6
ns,6t

−2
4

or 4.0 × 1043 erg s−1 B−2
dip,14t

−2
7 for Mns = 1.4 M⊙ and Rns =

12 km (Murase et al. 2009). Note that magnetic dissipation in the
current sheet may reduce Lem.
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down power;

Lm =
µ2(2π/P )4

c3
(1 + C sin2 χµ), (12)

where

µ =
1

2
BpR

3 ∼ 8.6× 1031 Bp,14 G cm3, (13)

is the magnetic moment, P is the rotation period, χµ
is the angle between the magnetic and rotation axis,
and C ∼ 1 is a pre-factor. Eq. (12) is obtained by
force-free simulations (Gruzinov 2005; Spitkovsky 2006;
Tchekhovskoy et al. 2013). We assume that the magne-
tized wind is isotropic for simplicity. These approxima-
tions are not valid within the KH timescale tKH,ν ! 100 s
where the baryon loading on the magnetize wind via the
neutrino-driven wind from the proto-NS surface is rele-
vant (e.g., Thompson et al. 2004). Also, for an extremely
strong poloidal field, Bp " 1015 G, ms-proto-NSs spin
down within the KH timescale. In such cases, the mag-
netized wind can punch out the progenitor star as a bi-
polar jet collimated by the anisotropic stress and the
hoop stress (Bucciantini et al. 2007, 2008). We here only
consider a longer timescale t ≫ tKH,ν and a poloidal field
Bp < 1015 G.
The second term in the right-hand-side of Eq. (11)

represents the GW energy loss;

Lgw =
2

5

G(ϵI)2(2π/P ′)6

c5
sin2 χϵ(1 + 15 sin2 χϵ), (14)

where ϵ ≡ ∆I/I is the deformation rate, P ′ is the pattern
period, and χϵ is the angle between the deformation and
rotation axis (Cutler & Jones 2001). Here we consider
the magnetically deformed rotation (Cutler 2002; Stella
et al. 2005; Dall’Osso et al. 2009), where the deformation
rate of the NS is parameterized by the internal toroidal
field as Eq. (10). Also, we take ξµ = ξϵ = π/2, P = P ′.
This GW emission can only occur if the viscous dumping
timescale of the NS precession is shorter than the com-
petitive magnetic braking timescale. This condition can
be described as (Dall’Osso et al. 2009)

Bt < 2.4×1016 G P0,−3
−1[ln(320×P0,−3

2Bp,14
−2+1)]1/2.

(15)
The initial spindown power via the magnetic wind and

the GW emission can be estimated as

Lm ∼ 1.6× 1047 Bp,14
2P0,−3

−4 erg s−1, (16)

and
Lgw ∼ 1.7× 1048 ϵ−3

2P0,−3
−6 erg s−1, (17)

respectively. The spindown timescale of the NS can be
roughly given by

tsd ≈

⎧
⎪⎪⎨

⎪⎪⎩

tsd,gw ∼ 1.6× 104 s ϵ−3
−2P0,−3

4

(ϵ " 3.1× 10−4 Bp,14P0,−3),
tsd,m ∼ 3.3× 104 s Bp,14

−2P0,−3
2

(otherwise).

(18)

The dynamics of the SN ejecta and the resultant elec-
tromagnetic emissions are simply modeled by using the
one-zone approximation (Kasen & Bildsten 2010; Kotera
et al. 2013; Metzger et al. 2013). At a few times pro-
genitor radius, Rej,0 ≈ 2R∗ (∼ 1011 cm for WR stars),

the SN ejecta starts to expand in a homologous manner.
The mean radius of the ejecta evolves as

dRej

dt
= vej. (19)

We note that the initial radius of the ejecta
is irrelevant for timescales t > Rej,0/vej,0 ∼
100 Esn,51

−1/2Mej,0
1/2Rej,0,11 s, which we are interested

in. Without significant energy injection after the explo-
sion, the expansion velocity is almost constant, ≈ vej,0 =
(2Esn/Mej)1/2 ∼ 104 km s−1 Esn,51

1/2Mej,0
−1/2 cm s−1

up to the Sedov radius. On the other hand, when a
fast-rotating NS exits, the ejecta is accelerated by the
magnetized wind;

dEkin

dt
=

Eint

tdyn
, (20)

where Ekin = 0.5Mejvej is the kinetic energy, Eint is the
total internal energy, and

tdyn =
Rej

vej
(21)

is the dynamical timescale. The time evolution of the
internal energy can be described as

dEint

dt
= Lm − Eint

tdyn
− Eint

tesc
. (22)

The first, second, and third terms in the right hand side
correspond to the injection term from the magnetized
wind, the energy loss terms via the adiabatic expansion,
and the escape from the ejecta, respectively. Here,

tesc ≈
(1 + τej)Rej

c
, (23)

is the photon escape time from the ejecta,

τej ≈
(3− δ)κMej

4πRej
2

, (24)

is the optical depth of the ejecta, κ is the predominant
opacity, e.g., κ ∼ 0.2 g−1 cm2 for electron scattering in
fully ionized helium, and δ represents the density profile
in the homologous ejecta. Note that the energy injection
by decaying unstable nuclei, e.g., 56Ni is not included in
Eq. (22).
The radiation energy can be divided into the thermal

and non-thermal component;

Eint = Eth + Enth = aTej
4Vej +

∫
εγ

dNγ

dεγ
dεγ , (25)

where Vej = 4πRej
3/3 is the volume of the SN ejecta.

Note that we neglect the gas internal energy, which is a
good approximation in the early phase of ejecta evolu-
tion. As for the non-thermal component, we solve

d

dt

[
εγ

dNγ

dεγ

]
=

Lm

Cεγ
− 1

tdyn

[
εγ

dNγ

dεγ

]
− 1

tesc

[
εγ

dNγ

dεγ

]
.

(26)
The first term in the right hand side represents the in-
jection from the magnetized wind at energy εγ . In the
early phase, the cascading timescale of ultra-relativistic

Bt = 2 × 1016 G (εG = 1.3 × 10-3)
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Inner jet (prompt/flare)  
r ~ 1012-1016 cm   B ~ 102-6 G 

PeV ν, GeV-TeV γ 

Meszaros (2001) 

Possible Neutrino Production Sites 

Waxman & Bahcall 97 PRL
Dermer & Atoyan 03 PRL���
KM & Nagataki 06 PRL

Afterglow 
r ~ 1014-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  
e.g., Waxman & Bahcall 00 ApJ ���
        Dermer 02 ApJ ���
        KM 07 PRD	

Meszaros & Waxman 01 PRL
Razzaque et al. 03 PRL
KM & Ioka 13 PRL

Inner jet inside a star  
r < 1012 cm, B > 106 G 

TeV-PeV ν, no γ 



Recent IceCube Limits on Prompt ν Emission 

But theoretical fluxes should be lower than IceCube-Guetta et al. 
1. fpγ is energy-dependent, π-cooling → ~ 4 ↓ 
2. (εγ2 φγ at εγ,pk) ≠ (∫dεγ εγ φγ) → ~3-6 ↓ 
3. details (multi-π, ν mixing etc.) → ex., multi-π ~2-3 ↑ 
 
- In addition, there is “astrophysical” model-uncertainty in calculating fpγ

 

(Li 11 PRD, Hummer et al. 12 PRL) 

(Hummer et al. 12 PRL, He et al. 12 ApJ) 

(KM & Nagataki 06 PRD) 

10! 8 GeV cm! 2 s! 1 sr! 1 flux60. The dashed curves correspond
to the standard assumption that all collisions occur at the same
radius, derived from gamma-ray observations. To generate these
curves, we use the parameters Ncoll, tv, hGi and T obtained from
the simulation assuming identical shells with a collision radius
obtained from equation (1) (RCE109.2 km in Fig. 6b). The
reference flux in Fig. 6b is significantly lower than the prediction
in ref. 16. In that reference, the same parameters as in the IceCube
analysis61 were used for comparison, implying that
RCE1.9" 108 km. That is about one order of magnitude
smaller than the RC used here; cf. equation (3) for its impact
on the neutrino flux. The reference flux in Fig. 6a is comparable
to ref. 16.

We first of all find that the neutrino spectra from collisions
beyond the photosphere (thick orange curves) all exhibit the same
flux level quite independently of G0 (and even of AG, as we have
explicitly tested). The expected neutrino flux per flavour is at the
level of E2JB10! 11 GeV cm! 2 sr! 1 s! 1, peaking between 105

and 107 GeV. This contribution can be regarded as a minimal

prediction for the neutrino flux, as it can be inferred from
gamma-ray observations and hardly depends on the parameters.
Note that this flux is probably outside the sensitivity of the
existing IceCube experiment, but it will provide a target for the
optimization of the planned high-energy volume upgrade. There
is a significant qualitative difference to conventional models such
as refs 7,15, for which the pion production efficiency contains a
factor G! 4 coming from the collision radius estimate in
equation (1) applied to equation (3). However, the optical
thicknesses to Thomson scattering and photohadronic inter-
actions both scale / R! 2

C , which leads to the following esti-
mate for the pion production efficiency at the photosphere
independent of G (ref. 10):

f ph
pg # 5" e

0:25
" Ee

0:1
" 1keV
E0g;break

: ð4Þ

Here Ee is the fraction of the dissipated energy going into photons
and e is the dissipation efficiency (ratio between dissipated and
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Figure 5 | Energy dissipated beyond the photosphere. We consider energy dissipated in (prompt) gamma rays, neutrinos (all flavours) and CR protons
(UHECRs from 1010 to 1012 GeV). Energies are binned as a function of the collision radius. (a) Absolute energy values; (b) the fraction of energy output
normalized to one for each messenger. Neutron escape dominates the cosmic-ray emission below RCE108.5 km, while proton escape dominates above this
radius. The rough value of the photospheric radius and the assumed radius of the circumburst medium are indicated as dashed lines.
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Figure 6 | Quasi-diffuse neutrino spectra from simulations of multiple internal shocks. Muon-neutrino spectra vmþ!vm
! "

from collisions beyond the

photosphere (thick orange curves), reference spectra computed from averaged burst parameters in the conventional approach (dashed curves) and
maximal subphotospheric extrapolations (shaded regions) for three different values of G0 in the different panels: 300 (a), 500 (b) and 1,000 (c). The
individual (dominant) collisions (contributing to the thick orange curves) are shown also as thin red and blue curves corresponding, respectively, to the
optically thick to pg interactions regime, with the neutron escape dominating at the maximum energy, and to the regime dominated by direct proton escape
instead. The (thick orange) spectra (‘evolving fireball’) are estimates of the diffuse flux obtained from the single-burst fluence F (one GRB at z¼ 2) by

assuming _N¼667 per year long bursts per year over the whole sky ðJ ¼ F" _N"ð4pÞ! 1Þ. The diffuse GRB flux limit from the IC40þ 59 analysis14 is shown
as a thin black curve. The obtained average values hGi from the simulation, corresponding to the observable G, are depicted as well.
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