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Core-Collapse SN Classification
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SN CLASSIFICATION [& 4

® Spectra: Type I (without H) and Type II (with H)
Core-Collapse SN Classification
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CLASSIFICATION — A NEED Wﬁ
FOR CHANGE

.. Needs to captures physics of exploding star better ->

continious classification scheme

LSST will need huge spectroscopic follow-up - how to

use Scarce resources best'7

Use all available data & new methods

Need for quantitative definition of “peculiar”
— “The Peculiar Type Ib 2006jc: ... “

— “The Amazing SN 1999as”

— “Optical Spectroscopy of the somewhat peculiar SN IIb
2001ig”




CLASSIFICATION — A NEW
METHOD

Desired Features:
. . Our work:
e  Uses information from

i %+ Principal Component
entire spectrum. .
/ spectral decomposition.

*  Support Vector Machine

e  (Class boundaries / classification.

determined algorithmically.

*  Physically interpretable.

e  Distance from decision

*  Quantitatively describes / boundﬁties & 1-stdev
“transition”/peculiar SNe type ellipses
‘g‘ Williamson, Modjaz &
v . Bianco (2019)
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CLASSIFICATION — A NEW

METHOD
___ “Optimal :
Classification and "ty =10+5 days
Outlier Detection SVM Test Score = 0.71+0.10

Y 1
%}3 for Stripped

" Envelope CCSNe”
Williamson, Modjaz & Bianco ‘19

MC of decision
boundaries

1 std dev ellipses for
different SN types

-> Quantitative
definition of
peculiar®/transition

biect: -> SN 941 1s a typical SN Ic
(3 J‘eCt‘ ->no “typical SN Ic”

b | b | Yol
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Later 1s better!
-> Implications
for ZTF and
LSST

Plotly
Interactive
plot online!

‘ty,.,=0=x5 days
2 SVM Test Score = 0.56+0.11
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SUPERLUMINOUS SNE IcC:
SLSN IC-BL
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S WHERE ARE THE
Ml OFF-AXIS GRBS ?

WANTED 1

¢ DEADORALIVE

REWARD
1.000.000 8

-~




STELLAR FORENSICS: HUNT FOR
PROGENITORS

Stripped SN & SN-GRB progenitors:

or o 9

N (Credit: ArtistESO)

(Hublb/e/NAéA): SN progenltor Sinel hiohl

Single massive (> 30 Stars (8-40 Mg) in r;?z;gtlilglgtszfll’,ve ey

Mg) with metal 101tv- binaries, can remove homogeneous

dependent winds (some) H & He even at evolution” (-> LIGO
low Z BH?) @low Z

* Importance!
e Direct Study: not possible/successful (except SNe IIb, 1 SN Ib)

¢ .> Need for indirect, statistical studies for Stellar Forensics
1) SN & GRB explosion properties (Vodjaz+14&16, Liu+16, Finn+16, Liu, Modjaz+17)

2) Host galaxy/environments/rates (Modjaz+11&12, Kelly+14,Graur+15, Bianco+15,
Graurl7a&]17b, Shivvers, Modjaz+18,Modjaz+19)



STRIPPED SNE:
BINARIES ARE COMMON

I

W Graur et al. (2016b)
BPASS v1, single

Lick Observatory
BPASS v1, binary ‘
BPASS v2. single o Supernova Search: 10

BPASS 2, bnary - BH el  ycars & 1000 SNe
Hodel expoi - Correct IDs (Shivvers+17)

- High rate of Stripped
SNe only reproduced by

binaries, not only single

stars (also Smith+11)
- Z-dependence b/c of

I 1 1 1 1 1 1 1 | S
7.8 8.1 8.4 8.7 ) .
stellar winds
12 + log(O/H)Tm




STRIPPED SNE:

BINARIES ARE

¥ PO8, Ibe/II

i BP09, Ibe/II
KK12, Z, (Ibc+1Ib)/II
KK12, M,, (Ibc+IIb)/II
A15. Tbe/Il

W G17, Rsg/ Ry, Ibe/(I1+41Ib)
BPASS v1. single, Ibe/II
BPASS v1, binary
BPASS v2, single

—— BPASS v2, binary + BH

3 ' —BPASS v2, binary - BH

Model extrapolations

8.4

8.7 9

12 + 1()8{<O/Il)f(l.1

COMMON

m—
Graur+l7a more metal-rich

What about Cas A (IIb) ?

“Binaries are common”: e.g., Drout+11,
Eldridge+13, Lyman+16, Smartt+15,

Modjaz+16, Taddia+18, Prentice+19,

Lick Observatory

Supernova Search: 10

years & 1000 SNe
Correct IDs (Shivvers+17)

High rate of Stripped
SNe only reproduced by

binaries, not only single
stars (also Smith+11)
Z-dependence b/c of
stellar winds

Absolute rates & smallest
error bars wrt prior
works

Caveats: galaxy-

targetted survey, nuclear






see also Kochanek 2018

Wolfgang |
Kerzendorf SEARCHING FOR .
+ 2019a COMPANIONS IN

Center of ‘
xplosion

CAS A with AST

48.0" -

36.0" -

- Arrows indicating positions in 1680
'B- None of the visible stars are coincident with the
+58°48'24.0" -fcenter of expansion in 1680

B> upper limits

30.00s 28.00s 26.00523h23m24.00s



LIMITS ON THE SURVIVING

COMPANION:
Ay=10.6 mag Ay=15 mag
Main Sequence below MO below K5

Stripped Stars < initial mass of 2 Msun (Gotberg models)

White Dwarfs Allowed (for these very high Ay)

NS, BH

. allowed
companion

Kerzendorf+ 2019a



NSF CAREER: PTF HOST
GALAXY PROJECT

Future is now: Large, unprecedented host galaxy study of
~100 PTF SN I1Ib, Ib, Ic, Ic-bl from single &
homogeneous, galaxy-untargeted survey

with Dan Perley + PTF team

Keck 10m Palomar 5m Gemini N +S



§NSF CAREER: WHAT ARE THE
§ PROGENITORS OF SNE IC-BL
WITH AND WITHOUT GRBS?Z

Metallicity (D13 N2S2 0352)

PTFSN Ic: 26
SN Ic-BL: 13

(o)}

mber of SNe
S

N

S
=
1.00

Fraction of SNe

750 7.75 800 825 850 8.75
log(O/H)+12

Modjaz, Bianco et al (2019,
Z 1 b1+GrRB ~ L 1o << Ly arXiv:1901.00872)

in 4 metallicity scales; Hypothesis tests (KS, Wilcoxon, Anderson Darling)




§NSF CAREER: WHAT ARE THE
& PROGENITORS OF SNE IC-BL

Metallicity (KDO2comb)

ST PTF SN Ic: 28
SN Ic-BL: 14
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Modjaz, Bianco et al (2019,
Z 1 b1+GrRB ~ L 1o << Ly arXiv:1901.00872)

in 4 metallicity scales; Hypothesis tests (KS, Wilcoxon, Anderson Darling)




WHERE ARE THE
OFF-AXIS GRBs ?

WANTEB 1 e Candidates:

DEADOR ALIVE

— PTF SNe Ic-bl @ lowZ
& high velocity

— Consistent with PTF SN
Ic-bl radio limits

(Corsi+16)

— Need: Deeper radio
VLA observations &

REWARD Hope: New radio
1.000.000 8 surveys

-~




EXPLOSIVE EXOTICA & THEIR
METALLICITY

24” [ Fast-evolvers (F B OTS) Dougie
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Invited Nature Review)

What 1s stellar progenitor
and explosion mechanism?
-> Need for host galaxy
study

FBOTS with
& w/o spectra

Drout+14




EXPLOSIVE EXOTICA & THEIR
METALLICITY

Tyler Pritchard+ (in prep) : SN 2018gep
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Spectra:
featureless blue -> SN Ic-bl with Fe v, (@ 24,800+/-3,900 km/s




EXPLOSIVE EXOTICA & THEIR
METALLICITY

Tyler Pritchard

.. KDO02-ish
PPAK IFU: Metallicity Map

arcsec
5 710 15 20~ KDO2

520
] F85
15 g4
- 8.3

D14 lin)Ts:

with & w/o

o spectra: none
Ic bl

arcsec

13
1S
13
1S
13
1S
[]

8.1

Pritchard+ (in prep) Drout+14

Diversity of FBOTs
- need: spectra for FBOT ID

- need: IFU host galaxy maps




NSF CAREER: PTF HOST
GALAXY PROJECT

measurement 1

PYMCZ: derive metallicity AND ITS
CONFIDENCE REGIONS

-from HIl region strong lines via MC sampling
-Output: distributions of 12+log(O/H)’s, E(B-V)
-in 16 different state-of-the-art scales (including
Dopita et al. 2016, but beware Marino+13)
-useful for SN host & galaxy evolution fields
-Open acces & open source, Python

Bianco, Modjaz +16 (Astronomy & Computing)
' ) Personal Opensource Business  Explor




SOFTWARE INFRASTRUCTURE

SN 1998bw t~100 days

Credit: Fed
Bianco,

Patat+01 (for SN
spectrum)

6000 7000
S NY U Wavelength (A) pasa s 1ae o
| NYU supernova group

NYU supernova group co orative co

home people ( spectra lightcurves | papers | code

- Data & Data products & Code are freely available

(Modjaz+14, Bianco, Modjaz+14, Modjaz+16, Liu+17, Bianco+16,
Willliamson+19,Modjaz+19)

- New & modified templates for SNID library
(Liu & Modjaz 14, Modjaz+16, Liu, Modjaz+16, Williamson+19)




CONCLUSIONS
* Era of statistical analysis of SNe

=2 Need for new classification scheme that is continuous &

quantitative

e Statistical analysis
— Binaries are common for Stripped SN - but no companion for Cas A

— SLSN Ic are broad-lined (as a population)
— From PTF: Zgn.gre ~ Ziet) < Zy. -> PTF Ic-bl @low Z: Off-axis GRB

candidates
* Emerging field of explosive exotica

* Next steps

— Challenge for SN modelers: reproduce full diversity, no
“prototypical SN”

— Unsupervised machine learning for classification for new kinds

— Early observations of young SNe for probing progenitor stars



Hosts of SNe Ic-bl & GRBs prefer overdense galaxies:

high stellar-mass & SFR densities b/c compact
z < 0.2 SN Ic-BL and z <1.2 LGRB hosts

Kelly, Filippenko, Modjaz, &
Kocevski (2014)
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- No similar preference among SN |I, SN Ib & SN Ic from untargeted galaxies
-Cannot be explained by a preference for low Z — so additional ingredient for
GRBs, besides low Z

-Tight massive binaries in clusters? (eg., Hut+92, v.d. Heuvel & Portegies 13)
-Top-Heavy IMF, more massive stars?




SN KNOWS ABOUT GRB, BUT DOESN’T
CARE ABOUT ITS OBSERVED STRENGTH

GRB Luminosity GRB Energy

e SN Ic-bl+LLGRB

e SN Ic-bl+LLGRB O SN Ic-bl + non—-LLGRB

O SN Ic-bl + non—-LLGRB

I |
W b
wm O

|
SN
S

|
N
(9}
T T

— =TT

|
[
W

-10

0
S
T
SN Absorption velocity [10° km s™']

Im
=
-4
o
s
T
>
=
Q
-
p—
(]
>
e
@
=
&
o
wn
ol o)
2
N

48 49 50

6 47
(GGRB logL,;, [ergs™]

1[
4

Modjaz+ 15

-No obvious correlation b/w GRB luminosity/energy and SN-GRB
spectral velocity
- neither with Ic-bl’s L (Hjorth+13) nor Ic-bl’s Z (Levesque+11)




VELOCITIES OF SN IC FAMILY: -
SN Ic, Ic-BL, SLSN IC m
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and SNe Ic-bl

May 23-25, 2016 djaz+15)

50 60
days)

Yuqian Liu’s Poster (& in prep)

- SLSN Ic have higher vels (and broader lines) than SNe Ic, similar to
SN Ic-bl* (*=but different continuum)

- Caveats: 1) He? 2) as a population




EXPLOSIVE EXOTICA & THEIR
METALLICITY

Pritchard, Modjaz+ (in prep)
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Q: What is the stellar progenitor and explosion mechanism if the latter?
Q: How does this fit with our understanding of massive stellar deaths?




