
             Discovery  
          Frontiers 
         in the New Era of  
       Time Domain 
Multi-Messenger 
Astrophysics 

                   

“We always find something, eh Didi,  
to give us the impression we exist?”

Raffaella Margutti 
Northwestern University



             Discovery  
          Frontiers 
         in the New Era of  
       Time Domain 
Multi-Messenger 
Astrophysics 

                   

“We always find something, eh Didi,  
to give us the impression we exist?”

Raffaella Margutti 
Northwestern University

The turbulent Mass-Loss History 
of Massive Stars at the end of their lives



Galaxy FeedbackChemical EnrichmentCosmology: 
Distance Ladders

First sources of ionizing photons

Endpoint of Stellar Evolution

Deposition of Radiative+ 
Mechanical Energy

Laboratories of 
Extreme Physics (jets)

Sources of GWs and 
Neutrinos

They produce the 
most Extreme 
Objects

Explosive Transients



Galaxy FeedbackChemical EnrichmentCosmology: 
Distance Ladders

First sources of ionizing photons

Endpoint of Stellar Evolution

Deposition of Radiative+ 
Mechanical Energy

Laboratories of 
Extreme Physics (jets)

Sources of GWs and 
Neutrinos

They produce the 
most Extreme 
Objects

Explosive Transients

Massive Stars show evidence for 
enhanced and/or episodic 

mass-loss at the end of their 
life









?



? ?
NS

BH

SN1987A



? ?
NS

BH

SN1987A

𝛾- X-rays UV/Optical/NIR Radio



? ?
NS

BH

SN1987A

𝛾- X-rays UV/Optical/NIR Radio

Daniel Brethauer 
undergrad Candice Stauffer 

gradstudent

Angelo Bastas 
undergrad

Lindsay de Marchi 
gradstudent



? ?
NS

BH

SN1987A

𝛾- X-rays UV/Optical/NIR Radio

Giacomo Terreran 
postdoc

Deanne Coppejans 
postdoc

Daniel Brethauer 
undergrad Candice Stauffer 

gradstudent

Angelo Bastas 
undergrad

Lindsay de Marchi 
gradstudent



? ?
NS

BH

SN1987A

𝛾- X-rays UV/Optical/NIR Radio

Giacomo Terreran 
postdoc

Deanne Coppejans 
postdoc

Daniel Brethauer 
undergrad Candice Stauffer 

gradstudent

Angelo Bastas 
undergrad

Lindsay de Marchi 
gradstudent

Aprajita Hajela 
gradstudent

Kris Mortensen 
undergrad



? ?
NS

BH

SN1987A

𝛾- X-rays UV/Optical/NIR Radio

Giacomo Terreran 
postdoc

Deanne Coppejans 
postdoc

Daniel Brethauer 
undergrad Candice Stauffer 

gradstudent

Angelo Bastas 
undergrad

Lindsay de Marchi 
gradstudent

Aprajita Hajela 
gradstudent

Kris Mortensen 
undergrad

Adriano Baldeschi 
postdoc



? ?
NS

BH

𝛾- X-rays UV/Optical/NIR Radio

~ 1000 yr



?

𝛾- X-rays UV/Optical/NIR Radio

~ 1000 yr



Why NOW?
Technological Revolution ==> Time Domain 
Astrophysics

1.
PanSTARRS

Zwicky Transient Facility

+ many others!



Why NOW?
Technological Revolution ==> Time Domain 
Astrophysics

1.
PanSTARRS

Zwicky Transient Facility

+ many others!



15-20 days

Lum

Time

SUPERNOVA

Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 



15-20 days

Lum

Time

SUPERNOVA

Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 



15-20 days

Lum

Time

SUPERNOVA

Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Rise-time 
science

Pre-SN 
outbursts

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 



15-20 days

Lum

Time

SUPERNOVA

Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Rise-time 
science

Pre-SN 
outbursts

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Margutti Astronomy Magazine 2014



Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 

Lum

Time

TRANSIENT

season 1 season 2

SLSN-like

Fast transient



Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 

Lum

Time

TRANSIENT

season 1 season 2

SLSN-like

Fast transient

Time scales



Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 

Lum

Time

TRANSIENT

season 1 season 2

SLSN-like

Fast transient

Time scales



Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 

Lum

Time

TRANSIENT

season 1 season 2

SLSN-like

Fast transient

Time scales



Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 

Lum

Time

TRANSIENT

season 1 season 2

SLSN-like

Fast transient

Time scales

Untargeted search



Technological Revolution ==> Time Domain 
Astrophysics

1.
Explore a new parameter space in already known transients 

(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients   
(e.g. SLSNe, very fast evolving transients) 

Multi-Wavelength Astrophysics2.

Multi-messenger Astrophysics 
(neutrinos, GW)

Why NOW?



?

𝛾- X-rays UV/Optical/NIR Radio

~ 1000 yr



Enhanced and Episodic 
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IR echoes from 
distant shells

Smith et al. 2008, 2010b; Miller et al. 2010; 

Fox et al. 2011, 2013 

SN1987A “ring”
See Talk that follows!
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This is common, but maybe only  among very massive stars?

Pre-SN outbursts are common among 
H-rich progenitors

SN2009ip
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E.g. Margutti+14, Ofek+14, Smith+15
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-- Causal connection between the two events 
-- “SIMPLE” mechanism 
-- Important channel for mass loss

Margutti+14
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Massive star:   M> 60 Msun
Smith  et al, 2010; Foley et al., 2011
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Vshock >> Vejection

(Vshock/Vejection) t   
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Fig. 7.— Early optical emission and radio properties: A product of the early peak bolometric luminosity and its epoch are plotted
against the epoch of radio peak brightness (Left panel). The quantity on the y-axis is a measure of the amount of energy a SN deposits in
the envelope. The red points are the SNe with detected early optical emission. The blue upper limits are the SNe where early UV/optical
observations have been reported without similar long lasting optical emission. The detections and non-detections of early optical peak are
clearly separated signaling apparent dichotomy. X-ray emission in type IIb: Compared to a sample of type IIb SNe, SN 2013df shows
luminous X-ray emission with strong similarities to SN 1993J, both in terms of luminosity and temporal decay rate (Right panel). The SNe
with bright X-ray emission are also the ones which show FFA and delayed peak brightness in radio. References: SN 1993J (Chandra et
al. 2009), SN 2001gd (Pérez-Torres et al. 2005), SN 2003bg (Soderberg, Chevalier, Kulkarni, & Frail 2006), SN 2004C (Dittman in prep.),
SN 2008ax (Roming et al. 2009), SN 2011dh (Soderberg et al. 2012).

native ideas should be explored in order to explain ob-
servations satisfactorily. Interaction of shock-wave with
binary companion is expected to leave some signature
on the optical light curves. Such an idea has been ex-
plored for SN Ia where a white-dwarf accretes matter
from the companion ultimately leading to the SN. As
the SN shock-wave interacts with the envelope of the
companion dissipating kinetic energy and heating it up,
it results in the emission that is expected to peak in UV
bands on timescales of a few days which is roughly similar
to that observed in some type IIb. It is of considerable
interest that a binary companion has also been either
confirmed (SN 1993J, SN 2011dh) or speculated to the
progenitors of these SNe.
SNe of type IIb thus provide the best opportunities to

study variety of phenomena: double peaked bolometric
light curves and bright radio and X-ray emission. Due
to the relatively higher rate of type IIb compared to Ibc
they are also best suited for direct detection of progeni-
tors. With the possibility of such rich datasets they are
ideal for tying together various observed properties and
in building a detailed understanding. Correlating pro-
genitors with radio properties may be more subtle than
the simple dichotomy of compact and extended progen-
itors and may be made more complex by the processes
that a↵ect stellar evolution such as stellar rotation, mag-
netic fields, binary interactions and evolution in the late
stages (Smith & Tombleson 2015). A more complete pic-
ture can be built by multiband observations and direct
detection of progenitors in the pre-SN images.

6. SUMMARY AND CONCLUSIONS

We presented extensive radio and X-ray observations
of SN2013df in the context of type IIb SN explosions. We
also presented a model of inverse Compton cooling and
estimated its e↵ects on the evolution of radio emission
from SN2013df. Our main results can be summarized as
follows:

• With bolometric luminosities within a factor of
a few of each other, and similarly extended lu-
minous cooling envelope emission and compara-
ble mass-loss rate estimates from the radio and X-
ray emissions, SN 2013df appears similar to that of
SN 1993J, in several ways. This close association is
portrayed most easily in Figure 6. Indeed, the pro-
genitor of SN 2013df appears to have been similar
to that of SN 1993J in mass and radius (Van Dyk
et al. 2014).

• SN2013df showed a peculiar soft-to-hard tempo-
ral evolution of the optically thin part of the radio
spectrum. We interpret this behavior as free-free
absorbed synchrotron radiation where the under-
lying electron distribution responsible for the ra-
dio emission is modified by Inverse Compton cool-
ing at early times (ref to Fig. 3). This model
provides a reasonably good match to the obser-
vations for t > 40 days and leads to the picture
of a shock wave propagating with modest velocity
vsh = 0.07c into a dense environment, previously
shaped by substantial mass loss from the progen-
itor star Ṁ = 8 ⇥ 10�5 M�/yr (for wind veloc-
ity vw = 10 km s�1). Comparable mass-loss rate
was inferred for the type IIb SN1993J (Fransson,
Lundqvist, & Chevalier 1996).

• Self-consistent modeling of the radio emission of
SN2013df that includes synchrotron emission and
self absorption, free-free absorption and inverse
Compton cooling e↵ects shows significant devia-
tion from the generally assumed equipartition of
shock energy between magnetic fields and acceler-
ated electrons. For SN2013df we infer ✏e ⇠ 200✏B .

• In close similarity to SN1993J, the X-ray emission
from SN2013df (Fig. 7) is in clear excess with re-
spect to the synchrotron model that best fits the ra-

Kamble,RM+16

Type IIb SNe

Connecting the structure of the star at 
collapse with recent mass-loss history (I)
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Figure 4. The spectrum of SN 2014C compared to those of
other type Ib supernovae near maximum light. The spectra of
SN 2014C and SN2008D have been corrected for extinction us-
ing E(B − V ) values of 0.75 mag (this paper) and 0.5 mag
(Soderberg et al. 2008; Modjaz et al. 2009), respectively, whereas
the spectrum of iPTF13bvn has not been corrected (Cao et al.
2013; Srivastav et al. 2014). The data were originally published in
Modjaz et al. (2009) and Srivastav et al. (2014) and were digitally
retrieved from WISEREP (Yaron & Gal-Yam 2012). Also shown
is a synthetic spectrum of SN 2014C created with SYN++. Some ab-
sorption features dominated by single ions with projected Doppler
expansion velocities of (1.3 ± 0.1) × 104 km s−1 are identified, as
well as high velocity (HV) hydrogen that spans (1.3 − 2.1) × 104

km s−1.

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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Figure 5. Evolution of the emission line profile around Hα. On
day −4 only unresolved (FWHM ≈ 250 km s−1) Hα and [N II]
λλ6548, 6583 lines are observed. Subsequently, beginning on day
113, an intermediate component (FWHM ≈ 1200 km s−1) is ob-
served. A model fitting the day 373 profile is shown. Scaling
parameters are given to the left of each spectrum.

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

Halpha

Milisavljevic, RM+16
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RM+17, Brethauer, RM , in prep.



SN2014C-X-rays (soft+hard)

X-ray Luminosity INCREASES w. time!
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At least 10% of progenitors of normal H-poor SNe 
experience outbursts just before core-collapse

Nuclear Burning Sequence



Update on SN2014C
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The last thousand years…
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SN shock as a probe
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Margutti +13,

Energy partitioning

SNe are an OPTICAL  
phenomenon

1051 erg OPTICAL

1047 erg
X-rays/Radio



Gamma-ray to Radio SED of SN2009ip at peak
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“…The END 
is where we start from…”

The Little Gidding by T. S. Eliot

Thanks to: VERITAS, Fermi, Swift, NuSTAR, XMM, 
Chandra, HST, ALMA, SMA, VLA, CARMA, GMRT, ATCA, 

Keck, MMT, SOAR for supporting our investigation.  
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Cartoon picture showing how waves excited in the core of a 
star can travel into the envelope of a star, where they deposit 
enough energy to power an eruption from the surface of the 

star

By Jim Fuller


