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Figure 5. Temporal evolution of the integrated luminosity (or alternatively
Ej,iso = Lj,isotj ; black circles) in comparison to the X-ray luminosity
(gray dots) as parameterized with a simple luminosity evolution (gray line).
The red curve is the integrated luminosity derived from the simple model. The
observed X-ray luminosity indicates that the fraction of total energy emitted in
X-rays is comparable to the energy in the relativistic outflow (i.e., ϵX ≈ 0.5).
The large increase in energy inferred from the radio observations cannot be
explained by injection from an L ∝ t−5/3 tail.
(A color version of this figure is available in the online journal.)
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Figure 6. Radial density profile in the inner parsec around Sw 1644+57
as inferred from the radio observations (black circles). The overall profile
follows ρ ∝ r−3/2, with a significant flattening at r ≈ 0.4–0.6 pc. Following
the flattening, the profile appears to recover to r−3/2 by about 1 pc. Also
shown is the density inferred from X-ray observations of the Galactic center
(gray squares; Baganoff et al. 2003), which is about a factor of 30 times larger
at ≈0.5 pc. The dashed line is a scaled-down model of the Galactic center
density profile assuming gas feeding from massive stars in which the bulk of
the gas is thermally expelled in a wind (Quataert 2004). In this model the inner
profile (!0.2 pc) is ∝ r−3/2, while the outer profile ("0.4 pc) has a Wind
(∝ r−2) profile.
(A color version of this figure is available in the online journal.)

factor ejecta. A similar effect has been observed in the radio
emission from some core-collapse supernovae (SNe), which
have a steep ejecta profile with E ∝ v−5 (e.g., Chevalier 1982;
Matzner & McKee 1999; Berger et al. 2002; Soderberg et al.
2006).

Also shown in Figure 6 are the inferred densities in
the central parsec of the Milky Way Galactic center from
X-ray measurements (Baganoff et al. 2003). The Galactic center
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Figure 7. Predicted optical (r band; blue) and near-infrared (K band; red) light
curves using the results of the radio modeling. The upper limits in r band and
detections in K band are from Levan et al. (2011). Since the K-band fluxes are
the total for Sw 1644+57 and its host galaxy we have subtracted an estimated
host contribution of about 20 µJy (K ≈ 20.6 AB mag). The solid lines are
models without a cooling break between the radio and optical/near-IR, which
clearly overestimate the K-band flux. The dashed lines include a cooling break at
νc ≈ 1013 Hz, and the dotted lines add host galaxy extinction of AV ≈ 3.5 mag
to account for the optical non-detections. The combination of a cooling break
and extinction provides an excellent fit to the near-IR evolution.
(A color version of this figure is available in the online journal.)

density is similar that inferred for Sw 1644+57 at r ≈ 0.05 pc,
but is about 30 times larger at r ≈ 0.4 pc. If the bulk of the
gas in the central parsec is due to mass loss from massive stars
(e.g., Melia 1992; Baganoff et al. 2003; Quataert 2004), the
lower density inferred here may indicate a much smaller num-
ber of massive stars in the central parsec of the host galaxy
of Sw 1644+57. Although we cannot investigate star formation
on scales smaller than ∼1 kpc in the host of Sw 1644+57, the
overall star formation rate in this galaxy is indeed a factor of
several times lower than in the Milky Way (Levan et al. 2011).
Regardless of the reason for the difference in density, it is quite
remarkable that the radio emission from Sw 1644+57 offers as
detailed a view (or better) of the density profile in the inner
parsec around an inactive SMBH at z = 0.354 as available for
the Galactic center at a distance of only 8.5 kpc.

4.3. Optical and Near-infrared Emission

Using the radio modeling we can also predict the optical and
near-IR emission from the jet. In Figure 7 we plot the optical
r-band upper limits from Levan et al. (2011), as well as their
near-IR K-band measurements. The latter include the total
flux from Sw 1644+57 and its host galaxy since transient-
free templates are not presently available. We estimate the
host contribution to be about 20 µJy (K ≈ 20.6 AB mag) by
requiring that the overall shape of the K-band light curve match
our predicted light curve. We note that this only affects the light
curve shape at δt ! 15 days since at earlier times the observed
flux is dominated by the transient itself. A simple extrapolation
of our model overpredicts the K-band flux density by about an
order of magnitude, indicating the presence of an additional
break in the spectrum between the radio and optical/near-IR
band. Such a break is indicative of the synchrotron cooling
frequency, νc. To explain the K-band flux density requires
νc ∼ 1013 Hz. Even if we include this break, the observed
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(2016) to be “not a TDE”, a number were found to have
properties more consistent with being AGN, and the true na-
ture of these events only became clear after significant multi-
wavelength follow-up and/or obtaining long-term X-ray light
curves that span over multiple decades. As such, a ma-
jor challenge of current X-ray TDE studies is to efficiently
and cleanly select candidates without requiring significant re-
sources and observational time to follow-up each potential
candidate. This highlights that our understanding of the dif-
ferences between the X-ray properties of TDEs compared to
that of AGN is currently unsatisfactory, and thus dramati-
cally limits our abilities to correctly classify an X-ray tran-
sient event a TDE.

As such, we attempt to quantify the observed differences in
the X-ray flare emission arising from a TDE or AGN, with the
goal of providing a set of characteristics which can help im-
prove the credibility of a TDE classification for an unknown
flare based solely on its X-ray emission. Using the TDE can-
didates classified as an “X-ray TDE” or a “likely X-ray TDE”
in Auchettl et al. (2016) (see Table 2 of this paper), we com-
pare and contrast the X-ray properties of these events with
the X-ray properties of AGN detected in both extragalactic X-
ray surveys and detailed follow-up observations of individual
sources. In Sections 2–5 we compare the various properties
our TDE sample to those of AGN and discuss the implications
of each of studies as we go, while in Section 4 we summarise
the our main findings.

2. BRIGHTNESS AS A FUNCTION OF REDSHIFT

Deep extragalactic surveys allow us to probe various as-
trophysical populations at high redshift. In particular, the
study of AGN at various cosmological distances and how they
evolve with time provides key information for us to better un-
derstand the accretion history of SMBH. It has been shown
that AGN are most active between a redshift (z) of 1 - 3 (see
the X-ray luminosity functions derived by e.g., Aird et al.
2015), however it is well known that there is a significant pop-
ulation of galaxies which habour a dormant BH at their centre
(see e.g., Hasinger et al. 2005, which shows that the general
population of faint X-ray AGN peak at z < 1). As a conse-
quence of their inactive nature, it is more difficult to be able
to study the accretion processes, and immediate environment
surrounding these quiescent BHs. However, TDEs provide us
with a way to gain insight into the properties of these dormant
BHs.

As AGN are found most of the time in a low-luminosity
state (Ho 2008), it is possible that a flare arising from an inac-
tive galaxy resulting from a major inflow of material onto the
BH could “reignite” an AGN (e.g., Hopkins et al. 2006). In
fact, it is thought that nearly 1-10% of AGN detected in extra-
galactic X-ray surveys may actually be emission from a TDE
(Merloni et al. 2015). Therefore, it is essential to better under-
stand the differences between the emission arising from AGN
detected in extragalactic surveys and that of a TDE such that
we can distinguish between the emission from these events
cleanly.

Using the properties of the X-ray TDE and likely X-ray
TDE sample derived by Auchettl et al. (2016), we can com-
pare how the peak X-ray emission from these events dif-
fers from that of AGN found at similar redshifts. In Fig-
ure 1 we have plotted the soft (0.3-2.0 keV) X-ray luminos-
ity as a function of redshift for our TDE sample, and for
a sample of AGN detected in the 4Ms Chandra Deep Field
South (CDFS: Tozzi et al. 2006; Xue et al. 2011), the 2Ms
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FIG. 1.— Soft (0.3-2.0 keV) X-ray luminosity plotted as a function redshift.
Here, we have plotted the peak X-ray luminosities of the X-ray TDE and
likely X-ray TDE candidates classified by Auchettl et al. (2016), and the soft
X-ray luminosities of AGNs detect using the 4Ms Chandra Deep Field South
(⇥), 2Ms Chandra Deep Field North (4), Chandra Multiwavelength Project
(ChaMPs) (⇤), Chandra Large Area Synoptic X-ray Survey (CLASXS) (⇧)
and the XMM-COSMOS survey (O). See text for references to these surveys.
The colours of each symbol represents how hard or soft (i.e., the hardness
ratio, HR) the detected X-ray emission is arising from these objects. A source
is considered soft if it has a HR = -1, while it is considered hard if it has a
HR = -1. TDEs plotted with a star (F) have been classified as jetted, while
those plotted with a filled circle (•) are either classified as non-jetted or have
no classification.

Chandra Deep Field North (CDFN: Alexander et al. 2003),
Chandra Multiwavelength Project (ChaMPs: Kim et al. 2007),
Chandra Large Area Synoptic X-ray Survey (CLASXS: Yang
et al. 2004) and the XMM-COSMOS survey (Cappelluti et al.
2009). The colours of each data-point represents the hardness
ratio, HR=(H-S)/(H+S), of each source, where S is the num-
ber of counts in the soft 0.3-2.0 keV energy band, while H is
the number of counts in the 2.0-10.0 keV energy band.

From Figure 1, we find that the peak X-ray emission arising
from a majority of our TDE sample is significantly brighter
than the emission from an AGN found at the same redshift. In
addition, we find that our non-jetted TDE sample indicated by
the filled circles in our plot, have a peak X-ray luminosity that
is significantly softer than that expected from an AGN. For our
jetted TDE sample represented by the star symbols, and the
emission from IGR J17361-444 which was originally detected
in the hard X-ray energy band using INTEGRAL (Del Santo
et al. 2014), we have the opposite case. Here the emission
arising from these sources is harder than that seen from AGN
at the same redshift.

The fact that our current sample of X-ray TDEs are signifi-
cantly brighter, and much softer than the general population of
AGN found in deep X-ray surveys, indicates that these highly

Auchettl+17

extracted using a 10″ radius circle centered on the source
position and corrected for point-spread function (PSF) losses
caused by the small region size. The background was estimated
from a nearby, larger, source-free region. The numbers given in
Table 3 for the XMM-Newton observations are from the pn data
sets in each case.

We convert the measured X-ray count rates in the
0.3–10 keV bands into fluxes assuming a simple model
determined from the fit to the late time X-ray spectra measured
by the Swift-XRT, namely, an absorbed power law of index
Γ= 1.99 and contributions from Galactic and host galaxy
absorption (NH,gal= 1.75×1020, NH,host= 2.07×1022;
(Willingale et al. 2013)). We note this does differ in detail
from the fit found by more detailed spectral fitting when the
source was brighter, which required an additional thermal
component providing a few percent of the soft flux. However,
the errors associated with the choice of spectrum are small
compared to the photon counting errors for the source at this
brightness. It is possible to fit the XMM-Newton PN
observations directly since the combined observations contain
130 counts (of which approximately half are from the source).
Doing so with the absorption fixed to the values determined by
the XRT yields a power-law index of 1.85 0.73

0.51G = - (at 90%
confidence), consistent with the earlier observations and
implying no strong hard to soft evolution.

3. DISCUSSION

3.1. Late Time X-Ray Light Curve

The updated X-ray light curve of Swift J1644+57 is shown
in Figure 2 on both logarithmic and linear time axes. Our late
time observations have been supplemented by the ongoing
observations with the Swift-XRT, taken from the Swift UK data

center11, processed via the techniques described in Evans et al.
(2007, 2010). As previously noted (Bloom et al. 2011b;
Burrows et al. 2011; Levan et al. 2011) the early light curve is
dominated by pronounced flaring and variability, which then
settles into a steady decay, punctuated by notable dips, which
have been suggested to show some signs of periodicity (Saxton
et al. 2012). The ongoing variability means that attempts to fit
any simple decay model to the data inevitably lead to poor
quality fits, although the data from ∼100–500 days, if fit with a
single power-law do favor a slope of −5/3 (Levan 2015). More
complex fits could be attempted to investigate the presence or
absence of additional breaks in the light curve, but these require
some attempt to remove dipping activity, and so are necessarily
limited in statistical power.
The final good detection reported by the Swift-XRT is at

around 500 days, with a flux of (5.5±0.8)×10−13

erg s−1 cm−2, based on the stacking of images obtained ∼4
days either side of this midpoint. After this, the X-ray flux
decreased markedly. By the time of our XMM-Newton
observations the source had declined by a factor of at least
50 in flux. In a factor of ΔT/T= 0.08 in time a fall of a factor
of 50 corresponds to a decay index of around t−70. In practice,
the decay was too fast to be resolved since beyond the steep
drop-off, XRT observations cannot recover the flux in short
exposure times and there was a significant delay before the
XMM-Newton and Chandra observations were scheduled.
Hence we conclude that the power-law decay rate was faster
than t−70. Assuming we are observing X-ray activity from the
base of the jet this suggests that activity suddenly shut off, due
to either a switch of accretion mode or the cessation of
accretion. Given the size of emitting regions at the head of the
jet at this late time it is difficult to envision a scenario in which
this shut off was not due to the cessation of activity close to the
base of the jet since otherwise it would have smeared out over a
much longer time period.

Figure 2. X-ray light curve of Swift J1644+57 obtained with the Swift-XRT (black), XMM-Newton (green), and Chandra (blue). The data plotted in each fit are
identical but are plotted on a logarithmic (left) and linear (right) scale to emphasize both the overall shape and behavior after the rapid decay. The solid red line shows
a t−5/3 decay plotted through the X-ray observations. This is not a fit to the data, but an indicative reference model. A sharp break of t−70 is shown at 500 days,
followed by a constant level. For comparison, a continued decay of t−5/3 after the end of the steep decline is shown as the dashed line.

11 The data presented are based on the calibrated XRT light curve available
from the UKSSDC as of 2015 November 26.
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process p+ � ! �+ ! n+ ⇡+. When these pions decay
via ⇡+ ! µ+⌫µ and µ+ ! e+⌫e⌫̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,11. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope12,13 (Suppl. Fig. 1). Due to maximal mixing
between muon and tau neutrinos, neutrinos from pion
decay in and around GRBs will arrive at Earth in an
equal mixture of flavors. We focus here only on muons
produced in ⌫µ charged-current interactions. As the
downgoing cosmic ray muon background presents chal-
lenges for the identification of neutrino-induced muons,
we achieve our highest sensitivity for upgoing (northern
hemisphere) neutrinos. However, the tight constraint of
spatial and temporal coincidence with a gamma-ray burst
allows some sensitivity even in the southern sky. One of
the two analyses presented here therefore includes south-
ern hemisphere gamma-ray bursts during the 59-string
IceCube run.

The results presented here were obtained while Ice-
Cube was under construction using the 40- and 59-string
configurations of the detector, which took data from
April 2008 to May 2009 and from May 2009 until May
2010, respectively. During the 59-string data taking pe-
riod, 190 GRBs were observed and reported via the GRB
Coordinates Network14, with 105 in the northern sky.
Of those GRBs, 9 were not included in our catalog due
to detector downtime associated with construction and
calibration. Two additional GRBs were included from
test runs before the start of the o�cial 59-string run.
117 northern-sky GRBs were included from the 40-string
period7 to compute the final combined result. GRB po-
sitions were taken from the satellite with the smallest re-
ported error, which is typically smaller than the IceCube
resolution. The GRB gamma-emission start (Tstart) and
stop (Tstop) times were taken by finding the earliest and
latest time reported for gamma emission.

As in our previous study7, we conducted two analyses
of the IceCube data. In a model-dependent search, we
examine data during the period of gamma emission re-
ported by any satellite for neutrinos with the energy spec-
trum predicted from the gamma-ray spectra of individual
GRBs6,9. The model-independent analysis searches more
generically for neutrinos on wider time scales, up to the
limit of sensitivity to small numbers of events at ± 1 day,
or with di↵erent spectra. Both analyses follow the meth-
ods used in our previous work7, with the exception of
slightly changed event selection and the addition of the
southern hemisphere to the model-independent search.
Due to the large background of down-going muons from
the southern sky, the southern hemisphere analysis is
sensitive mainly to higher energy events (Suppl. Fig.
3). Systematic uncertainties from detector e↵ects have
been included in the reported limits from both analyses
and were estimated by varying the simulated detector
response and recomputing the limit, with the dominant
factor the e�ciency of the detector’s optical sensors.

Neutrino Energy (GeV)

Waxman & Bahcall
IC40 limit
IC40 Guetta et al.
IC40+59 Combined 
 limit
IC40+59 Guetta 
 et al.

FIG. 1. Comparison of results to predictions based on ob-
served gamma-ray spectra. The summed flux predictions
normalized to gamma-ray spectra6,9,15 is shown in dashed
lines; the cosmic ray normalized Waxman-Bahcall flux4,16 is
also shown for reference. The predicted neutrino flux, when
normalized to the gamma rays6,9, is proportional to the ra-
tio of energy in protons to that in electrons, which are pre-
sumed responsible for the gamma-ray emission (✏p/✏e, here
the standard 10). The flux shown is slightly modified6 from
the original calculation9. �⌫ is the average neutrino flux at
Earth, obtained by scaling the summed predictions from the
bursts in our sample (F⌫) by the global GRB rate (here 667
bursts/year7). The first break in the neutrino spectrum is
related to the break in the photon spectrum measured by the
satellites, and the threshold for photopion production, while
the second break corresponds to the onset of synchrotron
losses of muons and pions. Not all of the parameters used
in the neutrino spectrum calculation are measurable from ev-
ery burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from
the result of the model-dependent analysis.

In the 59-string portion of the model-dependent anal-
ysis, no events were found to be both on-source and
on time (within 10� of a GRB and between Tstart and
Tstop). From the individual burst spectra6,9 with the
ratio of energy in protons vs. electrons ✏p/✏e = 10 [Ref.
6], 5.2 signal events were predicted from the combined
2-year dataset and a final upper limit (90% confidence)
of 0.47 times the predicted flux can be set (Fig. 1). This
corresponds to a 90% upper limit on ✏p/✏e of 4.7, with
other parameters held fixed, and includes a 6% system-
atic uncertainty from detector e↵ects.

In the model-independent analysis, two candidate
events were observed at low significance, one 30 sec-
onds after GRB 091026A (Event 1) and another 14 hours
before GRB 091230A (most theories predict neutrinos
within a few minutes of the burst). Subsequent examina-
tion showed they had both triggered several tanks in the
IceTop surface air shower array, and are thus very likely
muons from cosmic ray air showers. In Fig. 2 are shown
limits from this analysis on the normalization of E�2

muon neutrino fluxes at Earth as a function of the size
of the time window |�t|, the di↵erence between the neu-
trino arrival time and the first reported satellite trigger

IceCube, Nature 2012 Credit: NSF/J. Yang

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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& 2015 Macmillan Publishers Limited. All rights reserved.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
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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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density decreases pr! 2, with r the radial distance to the emitter.
Because of the different speeds of the shells, a shell will collide
with another and merge into a new one; see Fig. 1. During the
burst evolution, shells may collide several times. We assume that
after a collision the new shell immediately cools by prompt
radiation of the internal energy into gamma rays, cosmic rays and
neutrinos. Derivations of the properties of the newly formed shell
are given in refs 37,39 and are maintained in the simulations
presented here. Our results match the analytical predictions for
the dissipation of modest-amplitude fluctuations from refs 40,41.
Note that we simplify the evolution of the internal shocks in
several points, although our approach is enough for the purpose
of this work. First, since we focus on the classical internal shock
scenario where optically thin synchrotron emission is the most
relevant mechanism, we assume situations where most of the
dissipation occurs in the optically thin regime. If significant
dissipation occurs in the optically thick regime, the internal
energy scales adiabatically pr! 2/3, which is spent to accelerate
the outflow. Second, since we do not consider cases where only a
fraction of the internal energy made available after a collision is
released as radiation38, this means the efficiency issue of the
internal shock model may remain unresolved42. Third, observed
light curves from real GRBs may have slow variability
components as well as fast variability components43, which are
not easily explained by a discrete number of shells from a
continuous emitter, whereas continuous outflow models give
better agreement44–46.

In this study, we choose for our base model the parameter
values G0¼ 500, Nsh¼ 1,000, dteng¼ 0.01 s and AG¼ 1, as well as

a perfect acceleration efficiency of Z¼ 1 (defined by
t0! 1

acc # Zc2eB0=E0p, with E0p the proton energy; see ref. 31). The
simulation yields 990 collisions, tvC0.06 s from the average
obtained rise time of the light curve pulses (see ref. 37), a burst
duration TCNcolltvE59 s and an average hGiE370 (average
Lorentz factor of the merged shells, corresponding to the
observable G), that is, the GRB is sufficiently close to
conventional assumptions in neutrino production models. Our
study focuses on long-duration GRBs, which typically last tens of
seconds, and our chosen parameter sets indeed yield burst
durations of that order. We normalize the total isotropic photon
energy of all collisions in the source frame to Eiso¼ 1053 erg,
consistent with GRB observations. Note that the fraction of
photon energy dissipated in subphotospheric collisions is only
about 9%, which means that a renormalization of the gamma-ray
energy output to only collisions above the photosphere would
hardly affects our result. For the cosmic-ray and neutrino
production, we follow refs 31,47 to compute the spectra for
each collision individually, choosing equal energies in electrons
(that is, photons) and magnetic field, and a baryonic loading of
ten (that is, ten times more dissipated energy in protons than in
photons). Neutrinos are produced in pg interactions. The target
photon spectrum is assumed to be a broken power law with
spectral indices ag¼ 1 and bg¼ 2, respectively, with a fixed break
energy of E0g;break ¼ 1keV in the merged-shell rest frame (primed
quantities are in the merged-shell rest frame). That is, it is implied
that the target photon spectrum corresponds to conventional
GRB observations regardless of the underlying radiation
processes leading to this spectral shape.

Simulation results. The light curve of the simulated burst is
shown in Fig. 2a as a black curve. Although we show the light
curves for only two representative simulations in this study (the
aforementioned one and another one with Nsh¼ 100 and
dteng¼ 0.1 s, in Fig. 2b), we will present a more detailed parameter
space study in a future work (Bustamante et al., manuscript in
preparation). We do not investigate effects of the spectral evo-
lution during the dynamical time for one collision48, as we imply
that taking into account contributions from multiple shells is
more relevant, like in the case of gamma rays39. Note that,
although we do not calculate hadronic cascades, their feedback on
neutrino spectra is unimportant, given the value of the baryonic
loading factor used in this work.

We show in Fig. 3 the neutrino fluence (a), maximal proton
energy (b) and maximal gamma-ray escape energy (c) for each
collision (dot) as a function of RC. The maximal proton energies
are obtained from comparing acceleration, dynamical, synchro-
tron loss and photohadronic (for protons) timescales. As a result,
we find that the collisions are spread between about 106 km and
our choice of 5.5$ 1011 km for the deceleration radius49, where
outflows terminate by the external shock into the circumburst
medium. Most collisions occur around 1010 km—slightly above
the estimate from the geometry equation (1), RCE1.6$ 109 km.
Red dots mark collisions in the neutron escape model regime
(optically thick to pg interactions) and blue empty circles,
collisions in the direct proton escape regime.

Black squares mark subphotospheric collisions, that is, those
for which the Thomson optical depth is larger than unity. The
optical depth is obtained by calculating the proton number
density from the masses of the shells and assuming that the
electron number density is as high as the proton density, which is
expected for an electrically neutral plasma. In reality, however,
the electron and positron densities may be somewhat higher if
there is a significant non-thermal contribution from electron–
positron pair production. The obtained photospheric radius
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Figure 1 | Illustration of the internal collision model of gamma-ray bursts
used in this study. A set of Nsh shells with equal energies, widths and
separations l¼ d¼ cdteng are emitted from a central engine, where dteng is
the uptime of the central emitter. The shells have a spread in the bulk
Lorentz factor, but initially equal bulk kinetic energies. The shells propagate,
collide and merge (marked by the shell coloured purple) as soon as they
meet other shells (multiple collisions are allowed), whereupon their
masses, widths and speeds change. The energy dissipated in the collision is
assumed to be radiated away immediately.
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(Soderberg et al. 2008; Modjaz et al. 2009), respectively, whereas
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of Hα and [N II] 6548, 6583 lines having instrumentally
unresolved FWHM velocities of ≈ 250 km s−1 and an
intermediate-width component with a FWHM width of
1200±100 km s−1 (Figure 5). The Hα profile extends to
6520 Å and 6610 Å, which sets limits on the velocity of
the emitting shocked CSM to −2000 and +2200 km s−1.
The narrow components are presumably associated with
wind material that is being photoionized by X-rays of the
forward shock, and the intermediate component is associ-
ated with the shock and/or ejecta running into CSM. The
day −4 spectrum, which has only narrow components, is
most likely a combination of emission local to the super-
nova and from the entire host massive star cluster (see
Section 2.1). We interpret emission at later epochs to be
be dominated by emission from supernova-CSM interac-
tion.
Beginning with the day 282 spectrum and continuing

with the day 373 spectrum, the emissions are increas-
ingly complex and originate from several distinct regions.
Figure 6 shows an enlargement of the day 373 spectrum
corrected for extinction and a complete list of identified
emission features. Several narrow, unresolved emission
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served. A model fitting the day 373 profile is shown. Scaling
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lines are observed including [O III] λ4363 and λλ4959,
5007, [Ne III] λ3869, He II λ4686, and [N II] λ5755.
Also seen are several narrow, unresolved coronal lines
including [Fe VI], [Fe VII], [Fe X], [Fe XI], and [Fe XIV].
We attribute this emission to ionization of the pre-shock
circumstellar gas by X-rays emitted by the shocked gas.
The strongest constraint on the wind velocity comes from
the day 474 spectrum that has the highest resolution of
all our data. We measure a FWHM width of 1.5 Å (which
is unresolved) in the [O III] λ4363 emission line. This sets
an upper limit of < 100 km s−1 for the unshocked wind
velocity.
Broad emission centered around the [O III] λλ4959,

5007 lines is seen in our spectra beginning on day 282
and continues to be visible through our last spectrum ob-
tained on day 474. The width of the emission is difficult
to measure since it blends with Hβ blueward of 4959 Å
and another source of emission redward of 5070 Å. We
estimate that the velocity width must be ! 3500 km s−1,
meaning that the emission originates from a region dif-
ferent than the shocked CSM. Presumably it is emission
from oxygen-rich stellar ejecta being excited by the re-
verse shock. Broad [O III] emission is normally only seen
in supernovae many years to decades after core collapse
(Milisavljevic et al. 2012). But in the case of SN2014C,
the supernova-CSM interaction may have accelerated its
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New class of high-energy transients from crashes of supernova ejecta with massive
circumstellar material shells
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A new class of core-collapse supernovae (SNe) has been discovered in recent years by optical/infrared

surveys; these SNe suggest the presence of one or more extremely dense (!105"11 cm"3) shells of

circumstellar material (CSM) on 102"4 AU scales. We consider the collisions of the SN ejecta with these

massive CSM shells as potential cosmic-ray (CR) accelerators. If !10% of the SN energy goes into CRs,

multi-TeV neutrinos and/or GeV-TeV gamma rays almost simultaneous with the optical/infrared light

curves are detectable for SNe at & 20–30 Mpc. A new type of coordinated multimessenger search for

such transients of duration !1–10 months is required; these may give important clues to the physical

origin of such SNe and to CR acceleration mechanisms.

DOI: 10.1103/PhysRevD.84.043003 PACS numbers: 98.70.Sa, 95.85.Ry, 97.60.Bw, 98.70.Rz

I. INTRODUCTION

The much-anticipated era of multimessenger astronomy
is coming. Gamma rays in the GeV to TeV range, which
are powerful tracers of cosmic rays (CRs), are detected by
Fermi and ground-based Cherenkov detectors. Neutrinos,
which can uniquely identify the production of hadronic
CRs and probe dense sources, are detectable by the nearly-
completed IceCube and the planned KM3Net [1]. They are
useful for studying sources, especially when photons can-
not escape directly.

Violent explosions of massive stars, such as supernovae
(SNe) and gamma-ray bursts (GRBs) may be prodigious
neutrino/gamma-ray sources [2]. High-energy observa-
tions should reveal their physical origin, nonthermal pro-
cesses, and extreme environments. TeV-PeV neutrino
detections from extragalactic sources may be possible for
GRBs [3,4] and certain other kinds of SNe, e.g., those with
hidden relativistic jets [5], relativistic pulsar winds [6], or
semirelativistic external shocks [7]. But are SNe with more
ordinary explosions also detectable?

In recent years, blind surveys for optical transients have
discovered ultrabright SNe such as SN 2008am [8], 2008iy
[9], 2006gy [10], 2005ap [11], and 2003ma [12], which
are much more luminous than ordinary SNe. Their physical
origin is not settled, but a plausible interpretation is
strong shock dissipation by collision with a massive
(Msh ! 1–30M#) circumstellar material (CSM) shell at
R! 102"3 AU [13,14], which is more or less analogous
to the mechanism of type IIn SNe, though some may be
pair-instability SNe [15]. The local rate of these ultrabright
SNe may be !103"4 times larger than the local apparent
rate of classical long GRBs [16]. But SNewith CSM do not
have to be optically ultrabright, and the existence of mas-
sive CSM shells may be even more common. The existence
of dense CSM shells is indicated from other SNe, e.g., SN

2006jc, 2005ip, and PTF 09UJ [17,18]. Also, massive CSM
eruptions were observed in luminous blue variables such as
! Carinae [19], and are supported by the discovery of a
self-obscured SN [20].
These observations motivate us to investigate the system

of SN ejecta crashing into massive CSM shells at various
radii. We consider the possibility of CR acceleration at
strong shocks formed by the crashes, and suggest a new
class of high-energy transients that are neither bursts like
GRBs nor persistent sources like SN remnants. Given their
rate and timescales, new types of searches at intermediate
time scales, with coordinated observations of these extra-
galactic SNe at & 100 Mpc, are required. We adopt the
conventional notation Qx ¼ Q=10x.

II. THE SCENARIO

As the SN ejecta crashes into an external medium with
density next, a pair of shocks (forward and reverse) are
typically formed. As deceleration starts, significant
fractions of the ejecta kinetic energy (Eej ! 1051 erg) are
converted to the internal and kinetic energy of the
shocked shells. The forward shock (FS) velocity in the
deceleration phase is estimated to be Vf ’ 4000 km s"1%
E1=2
ej;51n

"1=2
ext;11R

"3=2
15:5 in the nonradiative limit, and the reverse

shock (RS) velocity can be estimated from "ejV
2
r &

"extV
2
f , where " is the mass density and Vs is the shock

velocity (where the index ‘‘s’’ indicates a forward or a
reverse shock). In the case of ordinary SN shocks sweeping
up the interstellar medium, deceleration becomes signifi-

cant around the Sedov radius, Rd & RSed ¼ ð 3Mej

4#"ext
Þ1=3 ’

4:4% 105 AU ðMej=M#Þ1=3n"1=3
ext . If massive (Msh * Mej)

CSM shells are located at Rsh ! 102"4 AU, with CSM
shell densities of nsh ! 105"11 cm"3, significant decelera-
tion and shock dissipation are instead expected at
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1. Scientific Rationale: Supernova (SN) break 
out shocks are the very first electromagnetic 
signal emerging from a SN explosion and bring 
direct information about the progenitor star 
(Colgate 1974). Thanks to recent wide-field 
optical transient surveys,! a new class of SN 
explosions characterized by the presence of 
extremely dense material (nSH~105-1011 cm-3) 
close to the progenitor (distance of 102-104 AU) 
has been discovered: the class of interacting 
SNe. This new class includes super-luminous 
SNe (SLSNe, Fig 1) but also ordinary SNe 
interacting with unusually dense circumstellar 
mediums, CSM (i.e. type IIn SNe).  
    For these SNe, the shock does not break out 
from the edge of the star and instead breaks out 
in the wind, where the optical depth is 
τop~c/vshock. The breakout signal thus carries 
unique information about the progenitor mass-
loss history during the years preceding the 
explosion. The mass-loss history of massive stars 
is poorly understood and yet is a fundamental 
parameter that drives their evolution (Puls 2008). 
With this program we will shed new light on this 
phenomenon capitalizing on joint Fermi/LAT-
VLA observations. Our study opens a new 
window of investigation on SN shock breakout 
physics. 
       Recent observations indicate that ~10% of 
massive stars are unexpectedly surrounded by 
thick shells of material at the time of their 
explosion (e.g. Smith 2009). This conclusion is 
supported by three key observational findings: 
the finding of self-obscured SNe (e.g. 
SN2007va, Kozlowski 2010); by the remarkable 
double explosion of SN2009ip in 2012 (Fig. 1-2, 
Margutti 2014); by the unprecedented 
metamorphosis of SN2014C, which evolved 
from a type I to a type II SN (Milisavljevic 2015, 
Margutti 2016) as a consequence of strong 
interaction with H-rich material. 
    All these stars ended their lives enshrouded by 
massive circumstellar  shells (Fig. 1-2). This fact 
implies that: (i) The ejection of massive shells in 
the last stages of stellar evolution is a common 
mechanism whose physical origin has still to be 
understood (Margutti 2014). This is indeed one 
of the major challenges faced by current theories 
of stellar evolution. (ii) At the moment of the SN 
explosion, a significant fraction of kinetic energy 
is dissipated (and radiated) by the collision of the 
SN ejecta with the CSM.  (iii) As the SN ejecta 
crash into the massive shells, GeV γ-rays are 
produced, with a GeV fluence that directly 
depends on the CSM shell parameters (mass, 
radius), ejecta parameters (mass and energy) and 

on the –still unknown- efficiency of acceleration 
of cosmic rays by SN shocks (Murase 2011, 
2013; Katz 2011, 2012). (iv) The same process 
also produces neutrinos (Murase 2011, 2013), 
putting interaction-powered SNe among the most 
promising targets for the upcoming generation of 
neutrino detectors (like KM3NeT).  
 

 
Figure 1 The class of strongly interacting explosions 
includes super-luminous SNe (like 06gy) that 
outshine common SNe of a factor 10-100 and 
ordinary SNe (like 98S). All these objects share a 
common feature: they ended their lives enshrouded 
by a thick circumstellar medium (CSM). 

      Thus motivated, here we propose a joint 
Fermi/LAT-VLA program. We aim to: 
(1) Test the SN shock breakout through a 
dense wind model using GeV observations. 
(2) Constrain the cosmic rays (CR) 
acceleration at shocks formed by the collision 
between the SN ejecta and the CSM shell. 
(3) Deliver the first predictions of the 
associated neutrino emission.  
2. γ-rays and neutrinos from SN shock 
breakout through a dense medium A solid 
prediction of the SN shock breakout model is the 
presence of bright GeV emission produced as the 
SN ejecta crash into previously ejected material 
(Murase 2011; Katz 2011, 2012). The GeV 
emission is expected to be almost simultaneous 
with the optical emission, with a total duration of 
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photon diffusion time is comparable to the shell expansion
time, where

t!!D " ð!RshÞ2
2c

nsh"T % 107 s n!1
sh;11V

!2
f;3:5 (9)

(which is consistent with the observation, Eph % 1051 erg
and Lph % 1044 erg s!1). For the neutrino search by
IceCube-like detectors, we have to set a time window !t,
which is relevant to estimate the ANB. In Model A, it
would be appropriate to use !t ¼ 107 s, since the duration
of the SN thermal emission is t!!D % tf % 107 s, where
the muon yield from SN-CSM neutrinos for IceCube is
N#;>4 TeV % 2. In an optically thin case like Model B, the
SN emission time is order of

ts ’ 5:0' 107 sRsh;16:5V
!1
s;3:8 (10)

(which is consistent with Eph % 1050 erg and Lph %
1042:5 erg s!1), and we obtain N#;>20 TeV % 1 for the FS
(N#;>50 TeV % 0:2 for the RS) for this time window. For up-
going neutrino sources, attenuation in Earth should be
considered, but will be modest at a wide range of zenith
angles for the most important energies [31].

The rate of SNe with dense and massive CSM is un-
certain, but a few % of all SNe may be such systems
[16,18,20], so that their rate within 20 Mpc is the order
of %0:1 yr!1. Note that the cumulative background muon
neutrino flux, E2

$"$ % 2:7' 10!9 GeV cm!2 s!1 sr!1,
though comparable to that from GRBs [3,4], is less than
the ANB up to E$ % 300 TeV, so that we focus on detec-
tions of individual nearby explosions.

Gamma rays—Neutral pions lead to gamma rays that are
interesting targets for Fermi and future Cherenkov tele-
scopes such as Cherenkov Telescope Array (CTA), where

one has to consider their interactions inside and outside the
source. At relevant energies, there will be attenuation on
matter (Bethe-Heitler pair-creation) and radiation (!!
pair-creation) in the source. They are also attenuated by
the extragalactic background light (EBL).
In Fig. 2, the attenuated pionic gamma-ray fluxes

are shown, taking into account gamma-ray attenuation
numerically. For demonstrative purposes, the nonattenu-
ated flux in Model A is also shown. Here, for simplicity,
we employ % expð!%!! ! %BHÞ for the screen region and
%1=ð1þ %!! þ %BHÞ for the emission region. For ex-
ample, the Bethe-Heitler and !! pair-creation depths in
the CSM shell are estimated to be %shBH ’ 3:2nsh;11!Rsh;15:5

at %GeV and %sh!! ’ 3000T3
!;0!Rsh;15:5 at %260 GeVT!1

!;0,

respectively. (Note that the photomeson and photodisinte-
gration processes can also happen at sufficiently high en-
ergies. When %T is sufficiently small, low-frequency
synchrotron far-infrared emission may also increase the
attenuation far above a TeV). Outside the source, the
EBL attenuation is significant only at * 100 TeV for
d% 10 Mpc.
In Model A, the Bethe-Heitler and !! attenuation would

make it difficult to detect %GeV and %TeV gamma rays,
respectively, although the attenuated flux just represents
the relatively conservative case (see below). Also, though
we show the differential sensitivities of Fermi and CTA,
the integrated sensitivities over several energy bins are
much better, which would help detection of the signal. In
Model B, %shBH ) 1 and the !! attenuation is negligible at
& TeV, so that gamma rays seem detectable by Fermi for
d & 20–30 Mpc, which motivates searches for %0:1–1 yr
transients via multiyear Fermi observations. With coordi-
nated follow-up searches, %0:1–1 TeV gamma rays may
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FIG. 2 (color online). Energy fluxes of pionic gamma rays,
corresponding to Fig. 1. Gamma-ray attenuation inside and
outside the source is included; the double-dotted curve shows
the intrinsic spectrum without attenuation in Model A. Left dot-
dashed curves show Fermi/LAT differential sensitivities at t ¼
106:5 s (% tr in Model A) and t ¼ 107:5 s (% tr in Model B). The
100 hr differential sensitivity of CTA is also overlaid (right).
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FIG. 1 (color online). Energy fluences of muon neutrinos from
a SN crashing into dense CSM, where "B ¼ 10!2:5, &cr ¼ 0:1,
and d ¼ 10 Mpc are assumed. Thick and thin curves represent
Model A and Model B, respectively, (see text). The dotted-
dashed curves show the zenith-angle-averaged ANB within a
circle of radius 1* [39]; we use !t ¼ 107 s for Model A (thick
line) and !t ¼ 107:8 s for Model B (thin line).
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photon diffusion time is comparable to the shell expansion
time, where

t!!D " ð!RshÞ2
2c

nsh"T % 107 s n!1
sh;11V

!2
f;3:5 (9)

(which is consistent with the observation, Eph % 1051 erg
and Lph % 1044 erg s!1). For the neutrino search by
IceCube-like detectors, we have to set a time window !t,
which is relevant to estimate the ANB. In Model A, it
would be appropriate to use !t ¼ 107 s, since the duration
of the SN thermal emission is t!!D % tf % 107 s, where
the muon yield from SN-CSM neutrinos for IceCube is
N#;>4 TeV % 2. In an optically thin case like Model B, the
SN emission time is order of

ts ’ 5:0' 107 sRsh;16:5V
!1
s;3:8 (10)

(which is consistent with Eph % 1050 erg and Lph %
1042:5 erg s!1), and we obtain N#;>20 TeV % 1 for the FS
(N#;>50 TeV % 0:2 for the RS) for this time window. For up-
going neutrino sources, attenuation in Earth should be
considered, but will be modest at a wide range of zenith
angles for the most important energies [31].

The rate of SNe with dense and massive CSM is un-
certain, but a few % of all SNe may be such systems
[16,18,20], so that their rate within 20 Mpc is the order
of %0:1 yr!1. Note that the cumulative background muon
neutrino flux, E2

$"$ % 2:7' 10!9 GeV cm!2 s!1 sr!1,
though comparable to that from GRBs [3,4], is less than
the ANB up to E$ % 300 TeV, so that we focus on detec-
tions of individual nearby explosions.

Gamma rays—Neutral pions lead to gamma rays that are
interesting targets for Fermi and future Cherenkov tele-
scopes such as Cherenkov Telescope Array (CTA), where

one has to consider their interactions inside and outside the
source. At relevant energies, there will be attenuation on
matter (Bethe-Heitler pair-creation) and radiation (!!
pair-creation) in the source. They are also attenuated by
the extragalactic background light (EBL).
In Fig. 2, the attenuated pionic gamma-ray fluxes

are shown, taking into account gamma-ray attenuation
numerically. For demonstrative purposes, the nonattenu-
ated flux in Model A is also shown. Here, for simplicity,
we employ % expð!%!! ! %BHÞ for the screen region and
%1=ð1þ %!! þ %BHÞ for the emission region. For ex-
ample, the Bethe-Heitler and !! pair-creation depths in
the CSM shell are estimated to be %shBH ’ 3:2nsh;11!Rsh;15:5

at %GeV and %sh!! ’ 3000T3
!;0!Rsh;15:5 at %260 GeVT!1

!;0,

respectively. (Note that the photomeson and photodisinte-
gration processes can also happen at sufficiently high en-
ergies. When %T is sufficiently small, low-frequency
synchrotron far-infrared emission may also increase the
attenuation far above a TeV). Outside the source, the
EBL attenuation is significant only at * 100 TeV for
d% 10 Mpc.
In Model A, the Bethe-Heitler and !! attenuation would

make it difficult to detect %GeV and %TeV gamma rays,
respectively, although the attenuated flux just represents
the relatively conservative case (see below). Also, though
we show the differential sensitivities of Fermi and CTA,
the integrated sensitivities over several energy bins are
much better, which would help detection of the signal. In
Model B, %shBH ) 1 and the !! attenuation is negligible at
& TeV, so that gamma rays seem detectable by Fermi for
d & 20–30 Mpc, which motivates searches for %0:1–1 yr
transients via multiyear Fermi observations. With coordi-
nated follow-up searches, %0:1–1 TeV gamma rays may
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FIG. 1 (color online). Energy fluences of muon neutrinos from
a SN crashing into dense CSM, where "B ¼ 10!2:5, &cr ¼ 0:1,
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Model A and Model B, respectively, (see text). The dotted-
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What powers SLSNe?

Interaction 56Ni Magnetar
E.g. Chevalier 2011 
Pan & Loeb 2013

Kasen & Bildsten 2010 
Woosley 2010Gal-Yam 2009

Metzger 2013

TIME

“The problem is completely 
specified by the properties of the 
pulsar and of the ejecta”  
Metzger 2013
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1. Scientific Justification
Optical transient surveys recently revealed a new class of strongly interacting supernovae (SN),
characterized by the presence of extremely dense material (n>106 cm�3) close to the progenitor
(d< a few 1016 cm). For these SNe, the explosion’s shock does not break out from the edge of the
star. Instead, the shock breaks out in the wind, where the optical depth is ⌧

op

⇠ c/v
shock

. The
breakout signal thus carries unique information about the progenitor mass-loss history during the
years preceding the explosion. The mass-loss history of massive stars is poorly understood and
yet is a fundamental parameter that drives their evolution (Smith 2014). With this program we
will shed new light on this phenomenon capitalizing on our multi-band campaign of SN2014C. Our
study opens a new window of investigation on the SN shock breakout physics.

Recent observations indicate that ⇠ 10% of massive stars are unexpectedly surrounded by thick
shells of material at the time of their explosion (e.g. Smith 2009). This conclusion is supported
by two key observational findings from our team: (i) the remarkable double explosion of SN2009ip
in 2012 (Margutti 2014); (ii) the unprecedented metamorphosis of SN2014C, which evolved from a
type I to a type II SN (Fig 1-2) as a consequence of strong interaction with H-rich material.

These facts imply that: (i) The ejection of massive shells in the last stages of stellar evolution is a
common mechanism whose physical origin has still to be understood (Margutti 2014). This is indeed
one of the major challenges faced by current theories of stellar evolution. (ii) At the moment of the
SN explosion, a significant fraction of kinetic energy is dissipated (and radiated) by the collision of
the SN ejecta with the cirmcumstellar medium (CSM). (iii) As the SN ejecta crash into the massive
shells, very high energy (VHE) emission is also produced, with a fluence that directly depends on
the CSM shell parameters (mass, radius), ejecta parameters (mass and energy) and on the -still
unknown- e�ciency of acceleration of cosmic rays by SN shocks (Murase 2011, 2013; Katz 2012).
(iv) The same process also produces neutrinos (Murase 2011, 2013), putting interaction-powered
SNe among the most promising targets for the upcoming generation of neutrino detectors.

Thus motivated, we propose a VERITAS program to observe SN2014C, the most promising
candidate for VHE from a young and strongly interacting supernova shock in the last decade, with
the aim to: (1) Test the SN shock breakout through a dense wind model using VHE observations.
(2) Constrain the cosmic rays (CR) acceleration at shocks formed by the collision between the SN
ejecta and the CSM shell. (3) Deliver the first predictions of the associated neutrino emission.

�-rays and neutrinos from SN shock breakout through a dense medium A solid pre-
diction of the SN shock breakout model is the presence of bright VHE emission produced as the
SN ejecta crash into previously ejected material (Murase 2011; Katz 2012), with a typical duration
of months to years (Fig. 1). As the SN shock breaks through the thick CSM shell a bright peak
of UV-optical emission is produced, as a consequence of e�cient conversion of kinetic energy into

1

Predictions from K. Murase

VERITAS

Strongly Interacting SN 
shocks at VHE:

(1) Environment 
(2) CR efficiency of 
acceleration



The Little Gidding by T. S. Eliot

“…The END 

is where we start from…”
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