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Outline

A Observations oSLSNand possible
scenarios

A Extremely bright in UV SLSN Gaial6apd
(Muv- -23 mag, PTF12dam
A Radiation hydrodynamics simulations of |~ _
SLSN outbursts: rulticolor light curves
(from Xrays to NIR), color evolution,
photospheridemperature and velocity
evolution. The influence of opacity,
metallicity of CSM
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A Highz supernovae: fainsuperluminoug (Image credit: NASA)



Superluminousupernovae $SLSNe

A SLSNdTypel (no hydrogen) Typell) are more luminousthan -21
magnitude (arbitrary cut) in any optical band at the maximum
brightness

A Rise-20-70d, decline-20-500d

E._q4-(1-10) -10°t erg,rate/CC-0.01% Galyam 2012
~100SLSNez-~0.1¢ 3.9 23 S

(PTFPanSTARRS) = R o sl
SLSNliscoveries :_ :..: . S a _25:2 N
SN2006gy (Smith-2007), | o ame

SN2005ap (Quimby-2007)

25

SNII-P |

Absolute magnitude [mag]

_15_

lo ................... '
.................. : —
5 ..........
1 I 11 I I I I I oo 0 100 200 " " . I
0
’ >

Days from peak [day]




mag

Bolometric magnitude

SuperluminousNe 1999as @z=0.127

(Knop et al.)
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Power in units of one Billion Suns
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SLLSN subclasses

A Typel (nohydrogen) Typell

SLSNnormal
Rapid light curve decay2(-60 d)
Quimby+2011

SLSNFR (SN2007i-like)
Exponential light curve decay
Gal Yam+2009

SLSN - fast (P2-10afx)

Very fast rise and fafl 10-20 d)
Chornock+2013

Probably a lenseth
Quimby+2013, 2014

(Perley2014)

SLSN

Narrow/intermediate H lines,
rapid rise, but very slow fa}l100 d)

SLSNIn-peculiar(SN 2006gy)
Complicated, evolving H profile
Extremely longdived (300 d)
SLSNHL (SN 2008es, CSS121025)

Broad H lines only after peak,
short-lived with fast decay

SNIa-CSMSN 2012ca)
lInlines overlyindga spectrum
e.g. Dilday+2012, Silverman+2013



Hydrogenrich (Type!l) SLSNe
A Type lIn (SN2006gy) are attributed to CSMinteraction (narrow and

intermediatewidth hydrogenemlssmnllnes)
A Thehot blue continuumandhigh | 3
peakluminosityhappenedearly, | T Psshr 14
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Hydrogenpoor(Type!) PTFSLSN light curves
A Smoothedight curvesof 26 PTFSLSNaormalizedat peak(De Cia®2017)
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A No obviousgapbetweenrapidly- and slowly-decliningevents



P

A Seriesof 5 lines of O I,
which may persist until
shortly after maximum light
(signatureof the class?)

A After oxygen recombination

(around 15,000 K) maximum <.

Call H&K, Mg II, Sill, and
Fe Il. A few weeks after
maximum, SLSN¢ start to
resembleSNelc at maximum
light

A Velocitiesare comparableto
normallc:
10500t310km/s for SLSNge
9800t250km/s for Ic,
slowerdeclinefor SLSNe

a<

Iogm(F,\ /ergs'cm™

F SLSNspectroscopy

(NIChO||+ 2015)
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(Liu+2017)

A No systematicdifference in velocitiesfor SLSNdc between fast-declining
light curvesandslow-declininglight curves

A Similaritiesin observationsindicate that SLSNdc and SNelc-bl may have
similar explosion engines, which is consistent with a multi-D magnetar
modelin Suzuk& Maeda(2017).
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SLLSN Host Galaxies

(Perley2017)

A High metallicity strongly suppresseSLSNé¢

Low (<1/2 Solar), but naterylow

A The approximate cosmic rate is
low, but significant
~-1/3000 supernovae at-4, on
average. But;1/600 in metad
poor galaxies.

A SLSNé have distinct
environments from otherSNe
SLSN&, SLSNI, GRBs, and
(other) ceSNeall havestatistically
different host populations

A SLSNé may prefer the most
Intensely starforming galaxies
Partially (entirely?) a sideffect of
metallicity preference.

log sSFR [yr ']
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(Leloudas+2005)

----------------------------

H-rich SLSNe

H-poor SLSNe |
GRBs




Peakg magnitude-and redshift distributions (PTF

(De Cia 2017)

A Higher redshift (up to z D 4).

8t | | H-ploor SLSNe -
7L i JWSTis expectedto be able to
6F Ibc SNe detect SLSNeout to z D 20
- i (Abbott+2017).
3 A PTF typically discovers SLSNe
2 belowz<1.
1 A PanSTARRISSLSNeend to be
10000 F with volumetric correction at hlg herredSh Ift (Z > 05)
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Doubled peak of SLIN

(Nicholl+2016)

@® LSQ14bdq (g - 4.5 mag) V¥V iPTF13ajg (u+ 0.5)
_ B PTFO09cnd (g - 3) Y% SNLS 06D4eu (2420A + 1)
A 8 of 14 SLSNwith early © SN1000+0216 (1600A) A& PS1-10pm (2840A + 1.8)
¢ PS1-10anf(2900A-1.7) @ SN 20060z (g + 3.5)
data ~26——————————— —_—

A Shock breakout 4
A Postshoclcooling
A Interaction with CSM

-29t

A T-20,000 K andapid
cooling, consistent with
a shock in extended
materia(Smith+2016) 16l
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SILSN PTF15esbh: bumpy light.curve
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A Multiple-shellCSMinteractionmodel. Latetime H (+100d). He?



0.3—10 keV X-ray Luminosity (erg s™)

X-ray observations of SLSN

PTF12dam I
¢ )

IIlI 1 1 lIIIlII 1 1 Illlll

10 100 1000
Rest Frame Time since Explosion (days)

A

A

26 nearby SLSNwith Swift,
Chandra and XMNMargultti
2017)

X-ray observations oc5LSN¢
spanning the time range 10
2000 days (red circles for
upper limits, black circles for
detections) show that
superluminous<ray emission
of the kind detected at the
location ofSCPO6F6



Hydrogenpoor UMbright Galal6apd

A Extraordinarily UMbright emission amonguperluminous
supernovae (Kangas et al. 2017; Yan et al. 2017; Nicholl 2017)
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Galal6apd fatJV spectrum (Yan+17)

A The complete and reliable identification of the UV absorption
features requires future detailechodeling

A Tentative comparison with the published synthetic UV spectra (made
available by D. Kasen) suggests that Gaial6apd may be an explosic
of a massive C+O core with a ssddar metal abundance
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SLLSN Galal6apd (SN 2016eay)

A (Yan47) z=0.1018 L=83-10*erg, trise=33d (uncertainup to 72d), 50%
luminosity in 1000-2500A. Spectrumis similar to PS-11bam, 6
spectral features similar to SNL992A, SN2O17/e (SNI3, ejecta
velocity14,000km/s, no X-rays

A (Kangas7), spectroscopically similar to PTH2dam,
v=15,600X19,800 km/s from -16.2d to +2.8d; 12,700-12,400 from
+2.8d to +43d; v=10,000at +150d

A Interaction? Magnetar? PISN?

(Image credit: Kavli IPMU)



Arguments for interaction-model
(Sorokina 2016)

e STELLA reproduces a wide range of SLSNe in the interaction model.:
2 extreme cases
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Multicolor Ilght curves: models with,mass loss
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LAY NG ENROG-&
at late times (by RMarguitti)
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Absolute restframe AB magnitude

SLSN-R'PTE12dam: light curves and spectra

A Optical light curves of slofading SLSNA Spectral evolution of PTF12dam
(Nicholl et al. 2013) (Nicholl et al. 2013), lack of
hydrogen/helium
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P e CMHREY Y102 2YS indginCtagt

(Nicholl et al. 2013)

45.0 . . ;
PTF 12dam + Magnetar fit

130M,, He core PISN (ref. 7)
44.5¢ 100M,, He core PISN (ref. 7) 1
80M,, He core PISN (ref. 7)
100M, He core PISN (ref. 8)
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Aédal AYySGIFINE FTAGA NB olFlaSR 2y 20SNa
A The spindown energy is converted into shell kinetic enecgyot into luminosity!
(Badjin BarkovBlinnikoy in prep



Simulated-and observed light curvesianowt al. 2015)
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heating may help.



Absolute Mg, (mag)
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SN 2007bir PISN, CCSN models

A GalYam et al. 2009

Time since explosion (d)

A Moriya et al. 2010
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Figure 1. Bolometric LCs of the C+O star SN models CC100 (M; = 40 M,
Eiin = 3.6 x 10°2 erg, and Msey; = 6.1 M). The observed bolometric LC
(open circles) is taken from Y10. The bolometric magnitude of the rising part
of SN 2007bi (open square) is estimated from the R-band magnitude. All the
calculated LCs have the same physical structure but the degrees of mixing are
different. The horizontal axis shows the days in the rest frame.

Figure 2:  Radioactive
from the light
fitted using PISN models.

-curve evolution of SN

56Ni and total ejected mass
2007bi are well



PTE12dam: PISN, CCSN models
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A Bolometric light curves of
PTF12dam in observations

and models (Chen 2014,
Nicholl et al 2013,
Kozyreva 2017,
Baklanov et al 2015)



Interaction model.
composition-and structure ‘of pr&N

A Mzaus100 M, , Z = Z/200
(Umeda&Nomota2008)

A PTF12dam: peSN C+O core
(43|VE )’ Mcut:3|\/%

A Postprocess explosive
nucleosynthesis (used by
Moriya et al. (2010) for
SN 2007bi)

A 1 day hydro after explosion A
extended CSM

A Parameters Mgy Resm Tesm.
M(°®Ni), composition of CSM
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Numerical code STELLA

STELL{STaticEddingtonfactor Low Temperature evolution

velocity Limit Approximation) (Blinnikov  pg. w13cmnR150E40radasdNoOptDba. global tmp.silo
et al. 1999 Cyelend

Pseudocolor
Var: tmpValues

9.884

—8206 250

A 1DLagrangiaHydro + Radiation
Moments Equations (2D), VEF closui [
multigroup (106300 groups, up to
1000), implicit scheme 0

A Opacity includes photoionization,
free-free absorption, lines and
electron scattering (Blandford & Payr
1981). lonizatiog { I KI Qa
approximation

A STELLA was used in modeling of m:
SN light curves: SN 1987A, SN 199:
and many others (Blinnikov et al. e T BT —
2006) log Time (S)

4.850

50

00+

50

Mass Zone Numbe



Comoving radiative transfer equati@nihalas1980)

Transfer equation:

Moment equations:
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SRRHD. Radiati@lominated mildlyrelativistic -shock

Semtanalytic relativistic hydro +
Relativistic radiation transfer 06
(no closure condition) (Tolstov et al. 2015) v os}

AL/

0,2
4

Shock tube configuration s ' J
(Farris et al., 2008),/P,F MmN p 2f / ]

0,04
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Closure condition: P =fE L8}

1,0

A Eddington approximation: f = 1/3 B el i
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STELLA RADA integration (Tolstov2010)

STELLA

Hydro

Radiation Moments

Static Eddington factors

Fluxes ircomovingframe

Output: Fluxes o(v/c) in observer

frame

HD relativistic corrections
(Misner& Sharp, 1969)
V-> VI[1+(VIC] 12

$ 1

RADA(relativistic, time-dependant)

Boltzmanntransportequation
' Timedependent Eddington factors

Fluxes ircomovingframe

Output: Fluxes in observer frame

Doppler effect




Params Value

M_ej, My 40
M_CSM,M 38
T CSMK 2500
lgR_CSM, cm 16.5

p 2
E 51 20
M(®6Ni) , M 6

AMHT, M 10

X CSM He:G9:1



