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What types of 
stars explode? 
 
 

 
 

How do stars explode? 



Many, distant … 



… or a few, up close. 
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GRB 130427 
Fantasy 



GRB 130427 
Reality 



SN 2011dh 
Fantasy 



SN 2011dh 
Reality 



Cassiopeia A 
SN 1680 (approx) 

REALITY! 



Cassiopeia A 
SN 1680 (approx) 



2**%-/('%5**6%*$%-/!%7899:;<%=-4+*&>*%*$%-/!%7899:;<%?*=-&*@%*$%-/!%7AB8B;<%%C/-+D*%*$%-/!%7AB8E;!%

444!>F-!3-+,-+6!*6#GH6.D/D(-,G>-(-I4*"-))%



Ejecta Rings! 
The main shell of Cas A’s optically-emitting ejecta as represented in a 
Mercator projection. 
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Blondin, Borkowski, Reynolds (2001)  Rings à Bubbles?  





Milisavljevic & Fesen (2015, Science) 

3D Reconstruction of a SN Debris Field 

Ejecta distribution exhibits 
large-scale coherent structure 
that was imprinted early in the 
explosion 



The bubble-like interior of Cassiopeia A The bubble-like interior of Cassiopeia A 



Hammer, Janka, Müller (2010) 
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Ni is being mixed to much higher velocities than 
those predicted by simulations 

No. 2, 2010 THREE-DIMENSIONAL SIMULATIONS OF MIXING INSTABILITIES 1379

Figure 6. Normalized mass distributions of hydrogen (black), helium (magenta), carbon (green), oxygen plus neon and magnesium (red), and “nickel” (including
iron-group elements and silicon; blue) vs. radial velocity vr for the 3D simulation (right) and a 2D simulation performed for the meridional slice of the 3D model
indicated in Figure 5 (left). From top to bottom, the distributions are given at about 350 s, 1000 s, 2600 s, and 9000 s after core bounce. The binning is done in intervals
of ∆vr = 100 km s−1 and the distributions ∆Mi/Mi with i being the element index are given per unit length of velocity. Note the large differences between the 3D and
2D results of the O and Ni distributions at high velocities and of the hydrogen distribution at low velocities.

efficient than even in the globally asymmetric explosions studied
by Kifonidis et al. (2006), where at 10,000 s the metals were seen
to be distributed only up to an enclosed mass of about 10 M⊙
(see their Figure 6), although the peak metal velocities were
roughly the same at ∼300 s.

We refrain here from drawing far reaching conclusions on
the observational consequences of this finding, e.g., concerning
the early visibility of X-ray and γ -ray signatures of such strong
mixing. While we consider the 2D/3D differences for the same
explosion model and the same and fixed numerical resolution

The Astrophysical Journal, 773:161 (29pp), 2013 August 20 Ono et al.
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Figure 16. Results of model AT1 at the time of 5060 s, the density distribution (top left), the distribution of the mass fraction of 56Ni (top right), the mass distributions
of elements as a function of radial velocity (bottom left), and the mass distributions of 56Ni as a function of the line of sight velocity (bottom right).
(A color version of this figure is available in the online journal.)

representative models are shown in Figure 21. In all models AS2
to AS8, small-scale RT fingers are developed around the bottom
of the dense helium shell and RT fingers in the upper hemisphere
are slightly longer than those in the lower one. For models
AS2 to AS5, the configurations of the fingers are different from
each other in the upper hemisphere, while for models that have
smaller-scale clumps, i.e., AS6 to AS8, the differences of the
configurations of fingers are not distinctive. In models AS3
and AS5, prominent extended fingers are seen very close to the
polar axis. This is a common problem seen in a two-dimensional
axisymmetric hydrodynamic simulation. This problem is partly
attributed to the effects that flows cannot penetrate across
the symmetry axis and discretization errors around the axis.
However, this reflects the physical nature that the explosion is
strongest in regions close to the polar axis. Unfortunately, we
can hardly speculate how are the features realistics in a two-
dimensional axisymmetric calculation. Figure 22 depicts the
mass distributions of elements as a function of radial velocity
at the ends of simulation times for models AS2, AS3, AS5,
and AS8. For models of relatively larger-scale clumps, AS2
to AS5, the maximum velocity of innermost metals 56Ni and
44Ti are affected by the sizes of clumpy structures. In model
AS3, the high velocity tails of 56Ni and 44Ti are smoothly
extended around 3000 km s−1 and a small amount of high
velocity clumps (up to 4000 km s−1) is recognized. Model AS5

also has a slightly extended high velocity wing and a small
amount of high velocity 56Ni clump. On the other hand, in
models AS6 to AS8, the mass distributions are similar to each
other and the maximum velocity of the innermost metals is
limited to around 2000 km s−1. From the above results, we
know that the size of a clump may affect the protrusion of the
innermost metals and the clump with a relatively larger size
tends to penetrate the dense helium shell more easily. However,
it is difficult to find a monotonic behavior with respect to the
penetration of the innermost metals. The results are somewhat
sensitive to the clump size. Additionally, we find that the high
velocity clumps of 56Ni are clustered only in regions very close
to the polar axis. Therefore, the high velocity clumps of 56Ni
seen in models AS3 and AS5 are doubtful. It is noted that
strong RM instabilities around the composition interface of
He/H obtained by Kifonidis et al. (2006; see Sections 1 and 3.4)
are not confirmed in models AS2 to AS8. In fact, as summarized
in Table 2, the minimum radial velocities of 1H range between
1200 and 1300 km s−1 except for that for model AS2 (which is
about 900 km s−1). Therefore, strong inward mixing of 1H due
to RM instabilities is not realized in models AS2 to AS8. The
differences may be due to the following facts: the progenitor
model, a 15 M⊙ blue supergiant star (see Figure 8 in Kifonidis
et al. 2003), is different from ours and our models do not
duplicate some features of a neutrino-driven explosion model,

19

Hammer et al. 2010 Ono, Nagataki et al. 2011 
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indicated in Figure 5 (left). From top to bottom, the distributions are given at about 350 s, 1000 s, 2600 s, and 9000 s after core bounce. The binning is done in intervals
of ∆vr = 100 km s−1 and the distributions ∆Mi/Mi with i being the element index are given per unit length of velocity. Note the large differences between the 3D and
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efficient than even in the globally asymmetric explosions studied
by Kifonidis et al. (2006), where at 10,000 s the metals were seen
to be distributed only up to an enclosed mass of about 10 M⊙
(see their Figure 6), although the peak metal velocities were
roughly the same at ∼300 s.

We refrain here from drawing far reaching conclusions on
the observational consequences of this finding, e.g., concerning
the early visibility of X-ray and γ -ray signatures of such strong
mixing. While we consider the 2D/3D differences for the same
explosion model and the same and fixed numerical resolution

The Astrophysical Journal, 773:161 (29pp), 2013 August 20 Ono et al.

10-4

10-3

10-2

10-1

 0  2000  4000  6000  8000

∆
M

i /
 M

i

Velocity  [ km s-1 ]

AT1

1H
4He
12C
16O
28Si
44Ti
56Ni

 0

 0.02

 0.04

 0.06

 0.08

 0.1

-3000 -2000 -1000  0  1000  2000  3000

∆
M

 (
56

N
i) 

/ M
 (

56
N

i)

Velocity  [ km s-1 ]

AT1

 90°
135°
180°

Figure 16. Results of model AT1 at the time of 5060 s, the density distribution (top left), the distribution of the mass fraction of 56Ni (top right), the mass distributions
of elements as a function of radial velocity (bottom left), and the mass distributions of 56Ni as a function of the line of sight velocity (bottom right).
(A color version of this figure is available in the online journal.)

representative models are shown in Figure 21. In all models AS2
to AS8, small-scale RT fingers are developed around the bottom
of the dense helium shell and RT fingers in the upper hemisphere
are slightly longer than those in the lower one. For models
AS2 to AS5, the configurations of the fingers are different from
each other in the upper hemisphere, while for models that have
smaller-scale clumps, i.e., AS6 to AS8, the differences of the
configurations of fingers are not distinctive. In models AS3
and AS5, prominent extended fingers are seen very close to the
polar axis. This is a common problem seen in a two-dimensional
axisymmetric hydrodynamic simulation. This problem is partly
attributed to the effects that flows cannot penetrate across
the symmetry axis and discretization errors around the axis.
However, this reflects the physical nature that the explosion is
strongest in regions close to the polar axis. Unfortunately, we
can hardly speculate how are the features realistics in a two-
dimensional axisymmetric calculation. Figure 22 depicts the
mass distributions of elements as a function of radial velocity
at the ends of simulation times for models AS2, AS3, AS5,
and AS8. For models of relatively larger-scale clumps, AS2
to AS5, the maximum velocity of innermost metals 56Ni and
44Ti are affected by the sizes of clumpy structures. In model
AS3, the high velocity tails of 56Ni and 44Ti are smoothly
extended around 3000 km s−1 and a small amount of high
velocity clumps (up to 4000 km s−1) is recognized. Model AS5

also has a slightly extended high velocity wing and a small
amount of high velocity 56Ni clump. On the other hand, in
models AS6 to AS8, the mass distributions are similar to each
other and the maximum velocity of the innermost metals is
limited to around 2000 km s−1. From the above results, we
know that the size of a clump may affect the protrusion of the
innermost metals and the clump with a relatively larger size
tends to penetrate the dense helium shell more easily. However,
it is difficult to find a monotonic behavior with respect to the
penetration of the innermost metals. The results are somewhat
sensitive to the clump size. Additionally, we find that the high
velocity clumps of 56Ni are clustered only in regions very close
to the polar axis. Therefore, the high velocity clumps of 56Ni
seen in models AS3 and AS5 are doubtful. It is noted that
strong RM instabilities around the composition interface of
He/H obtained by Kifonidis et al. (2006; see Sections 1 and 3.4)
are not confirmed in models AS2 to AS8. In fact, as summarized
in Table 2, the minimum radial velocities of 1H range between
1200 and 1300 km s−1 except for that for model AS2 (which is
about 900 km s−1). Therefore, strong inward mixing of 1H due
to RM instabilities is not realized in models AS2 to AS8. The
differences may be due to the following facts: the progenitor
model, a 15 M⊙ blue supergiant star (see Figure 8 in Kifonidis
et al. 2003), is different from ours and our models do not
duplicate some features of a neutrino-driven explosion model,
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J%Ni is being mixed to much higher velocities than 
those predicted by simulations 
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Figure 6. Normalized mass distributions of hydrogen (black), helium (magenta), carbon (green), oxygen plus neon and magnesium (red), and “nickel” (including
iron-group elements and silicon; blue) vs. radial velocity vr for the 3D simulation (right) and a 2D simulation performed for the meridional slice of the 3D model
indicated in Figure 5 (left). From top to bottom, the distributions are given at about 350 s, 1000 s, 2600 s, and 9000 s after core bounce. The binning is done in intervals
of ∆vr = 100 km s−1 and the distributions ∆Mi/Mi with i being the element index are given per unit length of velocity. Note the large differences between the 3D and
2D results of the O and Ni distributions at high velocities and of the hydrogen distribution at low velocities.

efficient than even in the globally asymmetric explosions studied
by Kifonidis et al. (2006), where at 10,000 s the metals were seen
to be distributed only up to an enclosed mass of about 10 M⊙
(see their Figure 6), although the peak metal velocities were
roughly the same at ∼300 s.

We refrain here from drawing far reaching conclusions on
the observational consequences of this finding, e.g., concerning
the early visibility of X-ray and γ -ray signatures of such strong
mixing. While we consider the 2D/3D differences for the same
explosion model and the same and fixed numerical resolution
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representative models are shown in Figure 21. In all models AS2
to AS8, small-scale RT fingers are developed around the bottom
of the dense helium shell and RT fingers in the upper hemisphere
are slightly longer than those in the lower one. For models
AS2 to AS5, the configurations of the fingers are different from
each other in the upper hemisphere, while for models that have
smaller-scale clumps, i.e., AS6 to AS8, the differences of the
configurations of fingers are not distinctive. In models AS3
and AS5, prominent extended fingers are seen very close to the
polar axis. This is a common problem seen in a two-dimensional
axisymmetric hydrodynamic simulation. This problem is partly
attributed to the effects that flows cannot penetrate across
the symmetry axis and discretization errors around the axis.
However, this reflects the physical nature that the explosion is
strongest in regions close to the polar axis. Unfortunately, we
can hardly speculate how are the features realistics in a two-
dimensional axisymmetric calculation. Figure 22 depicts the
mass distributions of elements as a function of radial velocity
at the ends of simulation times for models AS2, AS3, AS5,
and AS8. For models of relatively larger-scale clumps, AS2
to AS5, the maximum velocity of innermost metals 56Ni and
44Ti are affected by the sizes of clumpy structures. In model
AS3, the high velocity tails of 56Ni and 44Ti are smoothly
extended around 3000 km s−1 and a small amount of high
velocity clumps (up to 4000 km s−1) is recognized. Model AS5

also has a slightly extended high velocity wing and a small
amount of high velocity 56Ni clump. On the other hand, in
models AS6 to AS8, the mass distributions are similar to each
other and the maximum velocity of the innermost metals is
limited to around 2000 km s−1. From the above results, we
know that the size of a clump may affect the protrusion of the
innermost metals and the clump with a relatively larger size
tends to penetrate the dense helium shell more easily. However,
it is difficult to find a monotonic behavior with respect to the
penetration of the innermost metals. The results are somewhat
sensitive to the clump size. Additionally, we find that the high
velocity clumps of 56Ni are clustered only in regions very close
to the polar axis. Therefore, the high velocity clumps of 56Ni
seen in models AS3 and AS5 are doubtful. It is noted that
strong RM instabilities around the composition interface of
He/H obtained by Kifonidis et al. (2006; see Sections 1 and 3.4)
are not confirmed in models AS2 to AS8. In fact, as summarized
in Table 2, the minimum radial velocities of 1H range between
1200 and 1300 km s−1 except for that for model AS2 (which is
about 900 km s−1). Therefore, strong inward mixing of 1H due
to RM instabilities is not realized in models AS2 to AS8. The
differences may be due to the following facts: the progenitor
model, a 15 M⊙ blue supergiant star (see Figure 8 in Kifonidis
et al. 2003), is different from ours and our models do not
duplicate some features of a neutrino-driven explosion model,
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Ni is being mixed to much higher velocities than 
those predicted by simulations 



RadioacKve	44Ti	

NuSTAR	

Grefenstette et al. (2014) 



The SN – SNR Connection 
The bubble-like interior of Cas A is likely a common 
phenomenon of CCSNe. 
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Description of the Observations

We request a suite of UV and optical WFC3/UVIS images of E0102 taken over a total of
10 orbits. E0102 is a faint SNR and we have chosen narrow filters because our experience

4

REFERENCES

Blair W., et al. 2000, ApJ, 537, 667
Burrows, A., et al. 2007, PhR, 442, 23
Chevalier, R., & Kirshner, R. 1979, ApJ, 233, 1979
Chevalier, R., & Oishi, J. 2003, ApJ, 593, 23
Dopita, M., et al. 1981, ApJ, 248, L105
Dopita, M, & Tuohy, I. 1984, ApJ, 282, 135
Eriksen, K., et al. 2001, AIPCP, 565, 193
Fesen, R., et al. 2006, ApJ, 645, 283
Finkelstein, S., et al. 2006, ApJ, 641, 919
Flanagan, C., et al. 2004, ApJ, 605, 230
Hammer, N., et al. 2010, ApJ, 714, 1371
Hughes, J., et al. 2000, ApJ, 543, L61

Janka, H.-T. 2012, ARNPS, 62, 407
Leonard, D., et al. 2006, Nature, 440, 505
Li, H., et al. 1993, ApJ, 419, 824
Morse, J., et al. 2004, ApJ, 614, 727
Milisavljevic, D., & Fesen, R., 2013, ApJ, submitted
Nomoto, K., et al. 1997, NuPhA, 616, 79
Patnaude, D., & Fesen, R. ApJ, 697, 535
Rho, J., et al. 2009, ApJ, 700, 579
Tuohy, I., & Dopita, M. 1983, ApJ, 268, L11
Vogt, F., & Dopita, M. 2010, ApJ, 721, 597
Wang, L., & Wheeler, C. 2008, ARA&A, 46, 433
Young, P., et al. 2006, ApJ, 640, 891

2 arcmin 15 arcsec

Cassiopeia A E0102

Figure 1: Top: Multi-wavelength images of Cas A and E0102. Bottom: HST optical images of
Cas A and E0102. Colored ellipses are meant to draw attention to similar large-scale structures.

Description of the Observations

We request a suite of UV and optical WFC3/UVIS images of E0102 taken over a total of
10 orbits. E0102 is a faint SNR and we have chosen narrow filters because our experience

4

Cas A has an older brother that grew up in a different 
neighborhood… 

~2000 yr ~330 yr 
Galactic Small Magellanic Cloud 



Shared morphology but different ejecta composition 

Milisavljevic et al. (2016) 



Shared morphology but different ejecta composition 

Milisavljevic et al. (2016) 



Shared morphology but different ejecta composition 

Milisavljevic et al. (2016) 
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E0102 also has a bubble-like interior 



The SN-SNR Connection 

Intermediate-Aged 
Supernovae 

(2 < t < 100 yr) 

Young Supernova 
Remnants 

(100 < t < 1000 yr) 

Supernovae 
(t < 14 months) 
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Cas A was a Type IIb explosion… 

… with evidence of  asymmetry. 

Krause	et	al.	(2008)	

Rest	et	al.	(2011)	



Cassiopeia A 

The SN – SNR Connection 
Emission line profiles of SN 1993J and Cas A are similar 
and consistent with shared morphology. 
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Understanding late-time emissions from supernovae 



!""" !#"" $""" $#"" %""" %#""

&"

#"

!"

$"

%"

' (
()*

+,
(-

./
(0
1

.2
(&

./
(/
".

/#
3

+*-4(567*8*9,4:()&3

;<(2""&*4

4(=(&!&(>
!"#$%&'()*+,

4(=(%2?(>
-'.'-/'%/&$01

)@(A3

B' )C6(AA3

ND/D(-,/O*,D>%Q%R*(*&%7AB8ST;%
?-$-%F+'.%U'$-0%*$%-/!%7ABBS;%

2M%$'%2M5%
$+-&(DK'&%



Single	peak	

MulK-peak	
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Double-peaked	
[O	I]	6300,	6364	
profiles	were	
observed	in	other	
stripped-
envelope	CCSNe	
(Type	Ib/c,	IIb)	
and	asymmetry	
due	to	jets	was	
implied.	

Modjaz	et	al.	(2008)	 Maeda	et	al.	(2008)	

Double	peaks	everywhere!	
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(see	Papaliolios	et	al.	1989)		



already fallen below this level by11 day post-explosion. Using
the parameterization from Piro & Nakar (2013) for a progenitor
with a hydrogen-free radiative envelope, in Figure 18 we plot
the color temperature versus time for a range of progenitor
radii, assuming Mej=2−3 :M and EK= (1−2) ×1051 erg (as
derived from the bulk explosion). We see that for this envelope
structure, we require a progenitor radius of at least 50 :R to
account for the observed u-band rise. The cooling envelope
luminosity at 4 days post-explosion for this model is (4–5)
×1041 erg s−1, compatible withthe shoulder of excess emis-
sion observed at early times.

The modest ejecta mass and extended progenitor radius
derived above lead us to also consider the models of Nakar &
Piro (2014) for double-peaked SNe. These models employ a
nonstandard progenitor envelope structure, in which a massive
compact core is surrounded by extended low-mass material. In
this picture, the luminosity of the emission is mainly a function
of the radius of the extended material,while the time to
maximum is related to the total mass in the extended envelope.
Both also depend on the velocity and opacity. For a peak time
of 4 days, apeak luminosity of (0.6–1.2) ×1042 erg s−1, a
characteristic velocity of ∼12,000 km s−1, and Equations (10)
and (12) of Nakar & Piro (2014), we find an extended envelope
mass of ∼0.1 :M at a radius of 15–25 :R . Although less
extreme than the value derived for a standard progenitor
envelope structure, this is still more extended than a typical W-
R progenitor star.

6.2.2. Outwardly Mixed 56Ni

Alternatively, the early emission from SN 2013ge could be
due to 56Ni mixed outward in the explosion. In this case, our
rising light curve can give constraints on the radial distribution
of the outwardly mixed material.

For any given light curve point, there is a degeneracy
between the depth of the contributing 56Ni and the explosion

epoch. For deep deposits, there will be a “dark period” between
the explosion and the epoch of first light (Piro & Nakar 2013).
Our spectroscopic observations from ∼3 days after the epoch of
first light displayed high velocities and rapid velocity
evolution, which argue against any significant dark period for
SN 2013ge. This is compatible with our first measurement of
the luminosity, temperature, and photospheric velocity, which,
using Equation (17) of Piro & Nakar (2013), only require that
the explosion was ∼2 days prior to our first bolometric light
curve point. In this model, the lack of a significant dark period
in SN 2013ge requires that some amount of 56Ni was mixed
into the outer portions of the ejecta.
The morphology of the early bolometric light curve also has

implications for the distribution of this outwardly mixed 56Ni.
A radial distribution of 56Ni thatis monotonically decreasing
should yield a smoothly rising light curve (e.g., Dessart
et al. 2012). In contrast, the “shoulder” of emission as seen in
SN 2013ge may require a distinct deposit of 56Ni at shallower
depths, qualitatively similar to the model used by Bersten et al.
(2013) to explain the first light curve component of SN 2008D.
If a small clump of 56Ni-rich material was ejected at high
velocities, we can obtain a rough order-of-magnitude estimate
for the ejecta mass, nickel mass, and kinetic energy of this
material by decomposing the bolometric light curve into two
components. This is done in the right panel of Figure 18, where
the solid line is our model for the bulk explosion (Section 3)
and the red points are the excess above this model atearly
times.
Using the models of Arnett (1982) to fit the rise time and

luminosity of this excess—and assuming a velocity of
∼12,000 km s−1—yields an ejected mass of ∼0.06 :M , a
56Ni mass of ∼0.012 :M , and a kinetic energy of ∼6× 1049

erg. To investigate whethera 56Ni-powered explosion with
these parameters is consistent with the rapid post-maximum
decline inferred for the early light curve component, we use the
model of Drout et al. (2013), which was developed for the

Figure 18. Left: color temperature vs. time since explosion for cooling envelope emission from hydrogen-poor progenitors with radii between 1 and 50 :R . Bands for
each radius assume explosion parameters of Mej=2–3 :M and EK= (1–2) ×1051 erg. If the early emission from SN 2013ge is due to cooling envelope emission,
then the temperature must remain above 10,000 K (0.9 eV) at a minimum for 4−6 days post-explosion, implying an extended progenitor. Right: decomposition of the
bolometric luminosity of SN 2013ge (blue) into two components. The solid black line represents our best-fit 56Ni decay model to the bulk explosion. Red points show
the excess emission above this model at early times. The black dashed line is an Arnett model fit to the rise time and luminosity of this early component, and the gold
line is a model for the decline phase based on the instantaneous energy deposition from the 56Nil 56Col 56Fe decay chain, allowing for incomplete gamma-ray
trapping. Dotted lines indicate the epochs of our early spectra.
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We’ve observed stars that undergo eruptions 
shortly before a supernova explosion 

Data from Pastorello et al. (2013) and Margutti, Milisavljevic, et al. (2014)  
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H-poor supernova explosion 
started to interact with dense H-
rich material months after 
explosion. 

Best explanation: SN encountered a massive H-rich shell, presumably 
made from material gradually stripped or violently ejected from the 
progenitor star 100-1000 years earlier. 

Supernova Metamorphosis: Type Ib ! IIn 
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calibrated via relative photometry using 10 stars in Sloan
Digital Sky Survey (SDSS) images that cover the field of view.
Photometric transformations were made from Jordi et al. (2006)
to put SDSS photometry into the BVRI system. The apparent
magnitudes of the coincident source are mB=22.18±0.13,
mV=21.13±0.09, and mR=20.28±0.06. The region
surrounding the source has considerable galaxy light and the
reported apparent magnitudes may overestimate the brightness.
The uncertainties reflect the error in PSF fitting and do not
include possible error due to contamination from galaxy light.

We measured the flux contained within a 0. 5´ aperture
centered on the coincident emission source observed in the
HST/WFPC2 F658N image. The sum count rate 1.00±0.01
counts s−1 was multiplied by the modified PHOTFLAM
parameter (9.87 10 erg s cm17 1 2q � � � Å−1) and the effective
bandpass of the filter given by the RECTW parameter
(39.232Å). The integrated flux, which is a sum of narrow
Hα, [N II] λλ6548, 6583, and continuum emission, is
3.87 0.04 10 erg s cm .15 1 2( )o q � � � By estimating the con-
tribution from continuum emission from the spectral energy
distribution (SED) of the Subaru photometry, and assuming the
contribution from the [N II] lines to be ≈0.13 of the continuum
subtracted flux, we derive an observed Hα flux of
2.9 10 erg s cm ,15 1 2q � � � and an unabsorbed luminosity of
4.3 10 erg s38 1q � after correcting for E B V total( )� (cf.
Section 2.2).

2.2. Optical Spectroscopy

Low-resolution optical spectra of SN 2014C were obtained
from three telescopes: the F.L. Whipple Observatory (FLWO)
1.5 m Tillinghast telescope mounted with the FAST instrument
(Fabricant et al. 1998), the 6.5 m MMT Telescope mounted
with the Blue Channel instrument (Schmidt et al. 1989), and
the 2×8.4 m Large Binocular Telescope mounted with the
MODS instrument (Pogge et al. 2010). Details of the
observations are provided in Table 1.
Our five epochs of optical spectra of SN 2014C are plotted in

Figure 3. The explosion date is not tightly constrained by the
light curve, so we use the peak in the V band on 2014 January
13 as the reference from which phase in days is mea-
sured (M15).
Standard procedures to bias-correct, flat-field, and flux-

calibrate the data were followed using the IRAF/PYRAF
software16 and our own IDL routines. A recession velocity of
990 km s−1, determined from many narrow emission lines
including [O III] λλ4959, 5007, Hα, and [S II] λλ6716, 6731,
was removed from all spectra. Line identifications and
estimates of expansion velocities of the photospheric spectra
were made with the supernova spectrum synthesis code SYN++

Figure 1. Finding chart of SN 2014C and pre-explosion images. Top left: MMT 6.5 m telescope r′-band image of the region around SN 2014C (marked) and its host
galaxy NGC 7331 obtained 2014 May 18 with the MMTCam instrument. Top middle and right and bottom left: archival Subaru 8.2 m telescope BVR-band images
obtained 2009 August 21 with the Suprime-Cam instrument. A visible source coincident with the location of the supernova is seen in all three filters. The galaxy
nucleus in the R-band image is saturated and masks emission west of the supernova. Bottom middle and right: HST/WFPC2 F658N images. Dashed boxes outline
enlarged regions shown in the adjoining panels.

16 PYRAF is a product of the Space Telescope Science Institute, which is
operated by AURA for NASA.
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Interior structure of the progenitor star 
immediately prior to explosion may be very 

turbulent and mixed. 



Arnett & Meakin (2011) 

Interior structure of the progenitor star 
immediately prior to explosion may be very 

turbulent and mixed. 



How can we unravel 
asymmetry in the explosion 

from asymmetry in the 
progenitor?  



LSST may find 100 000 supernovae per year … 
… but it’s real strength will come from photometry accumulated after 
several years of operation. 
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These complete “before-and-
after” SN light curves will offer a 

trove of information about 
precursor activity. 



A direct and live view inside a supernova will require a 
multi-messenger investigation 
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fluid instabilities, rotation, the 
structure of the protoneutron 
star, and the nuclear EOS  
 

shock waves, accretion, cooling, 
possible formation of exotic 
matter, and further collapse to 
a black hole 

We know that a galactic supernova will be an epic 
achievement of multi-messenger astronomy …  



Observation Simulation 

… but interpretations of multi-messenger signals made from 
core-collapse simulations must be rigorously tested with detailed 
observations to be considered realistic. 

Prediction \o%7ABB9;%%
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FIG. 1: Example of expected supernova neutrino spectra (integrated over 10 s) for the different flavor components. This
example is based on the GKVM (Gava-Kneller-Volpe-McLaughlin) model of Reference [19]. The prediction includes collective
effects, which are responsible for the structure observed in the νe flux.

A generic potential difficulty is that both core-collapse physics and neutrino physics affect the nature of the neutrino
burst, and it may not be trivial to disentangle the two. Relatively robust and model-independent signatures do exist,
however. Clearly, the more experimental data we can gather about the flavor, energy and time structure of the burst,
in as many detectors around the world as possible, the better our chances will be of disentangling the various effects.

III. NEUTRINO INTERACTIONS IN THE TENS-OF-MEV RANGE

Neutrinos are detected via electromagnetically or strongly interacting products of weak charged-current (CC) and
NC interactions with electrons and nuclei. This section describes what is known about neutrino interactions in
the tens-of-MeV range relevant for current detectors, along with their observables. Unfortunately, relatively few
interactions have precisely known cross sections. Except for elastic scattering and inverse β decay (IBD) interactions,
both theoretical and experimental knowledge is limited.

A. Inverse Beta Decay

Relatively cheap detector materials such as water and hydrocarbon-based scintillator have many free protons.
The most significant interaction in these materials is IBD, which is the interaction between ν̄e and free protons,
ν̄e + p → n + e+. The IBD kinematic threshold is Eνthr = 1.8 MeV. The positron’s energy loss can typically be
observed. In the supernova energy regime, to a good approximation Ee+ = Eν − 1.3 MeV. In scintillation detectors,
the 0.511-MeV positron annihilation γs may also be observed. The neutron may be captured on free protons, with
an approximately 200-µs thermalization and capture time, producing a deuteron and a 2.2 MeV γ. The neutron may
also be captured on another nucleus; in particular, the detector may be doped with some material with a high neutron
capture cross section, such as gadolinium (Gd). Gd of natural isotopic composition has average neutron capture cross
section some 1.6×105 times that of free protons, and a thermalization and capture time of a few tens of microseconds
when dissolved in water or scintillator. Neutron capture on a Gd nucleus is followed by a deexcitation cascade of γs
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Cas A and E0102. Colored ellipses are meant to draw attention to similar large-scale structures.

Description of the Observations

We request a suite of UV and optical WFC3/UVIS images of E0102 taken over a total of
10 orbits. E0102 is a faint SNR and we have chosen narrow filters because our experience
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First-order tests can come from precision supernova 
tomography that can be performed on the diverse 
family of young SNRs 
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Take away points 

Dan Milisavljevic Research Statement

Figure 2: Left: Historical light curve of the SN 2009ip system (adapted from [29,32]). The sequence of eruptions this star
experienced preluding the supernova is not explained by our current understanding of the physical mechanisms that drive mass
loss in evolved massive stars. Right: Simulation attempting to reproduce a more “realistic” representation of what the interior of a
massive star looks like immediately prior to core collapse [33]. The turbulent interior may translate to eruptive activity and aid in
the formation of Ni bubbles.

bias estimates of explosion rates [21]; supernova progenitor stars may suffer varying levels of mass loss,
from none [22], to modestly inhomogeneous [21,23,24,25], to extremely eruptive [26,27]; discovery of
relativistic supernovae that bridge properties of ordinary supernovae and gamma-ray bursts [28,29,30]; a
link between subsets of superluminous supernovae and energetic, H-poor supernovae [31].

Perhaps most exciting is the new awareness that massive stars can undergo substantial and erup-
tive mass loss months to years before core collapse. This insight completely disrupts the traditionally
accepted picture of mass loss through steady winds. The system SN 2009ip was a dramatic example
of this precursor activity [26], where we watched as the progenitor star preluded its supernova explosion
with eruptive activity. I am presently leading the UV, optical, and near-infrared portion of a larger multi-
wavelength campaign following another supernova that underwent somewhat similar pre-supernova activity
[34]. Our orchestra of facilities include the Hubble Space Telescope (PI: Milisavljevic), Chandra, NuS-
TAR, Jansky Very Large Array, Submillimeter Array, CARMA, Swift, Gemini-N (PI: Milisavljevic), MMT
(PI: Milisavljevic), and Magellan (PI: Milisavljevic). We are exploring the implications our results have on
evolutionary models of massive stars in binary systems that may pass through a common envelope stage [35].

Unexpected turns: My broad research interests and penchant for collaboration have taken me on
many pleasantly unexpected avenues of investigation. Francesco Massaro (Turin University) entered my
door one day and invited me to join his systematic search of low-energy counterparts of the unidentified
�-ray sources listed in the Fermi-Large Area Telescope source catalogs. I accepted, and to date we’ve pub-
lished studies on over 200 counterparts [37-41]. Similarly, Fulbright Fellow P. Esposito (IASF Milano)
approached me to join his project to analzye archival Chandra observations of the Circinus galaxy for pul-
sators. Our work provided an upper limit to the detection rate of stellar BH-BH mergers for Advanced LIGO
and Virgo to be ⇠ 16 yr�1 [36].

During the course of studying SN 2012ap [28], I learned that transient phenomena often reveal new
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Varying degrees of eruptive mass 
loss that prelude SNe likely reflect 

perturbed progenitor interior 
structure  

Massive star explosions involve 
turbulent mixing that we’re only 
beginning to understand. 

Multi-messenger astronomy has breakthrough potential 
but interpretation can be crucially dependent on 
simulations that need cold hard observational facts for 
guidance. 

Thank You! 




