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H-Poor ‘Superluminous’ Supernovae

Quimby+07, Barbary+09, Pastorello+10, Chomiuk+11, Leloudas+12, Berger+12, Lunnan+13, Inserra+13

Quimby et al. 2011
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Loca > 10* erg s, B, 4~ 102921 ergs (10-100 x normal SNe)

UV-rich spectrum with intermediate mass elements (CNO)

Faint metal-poor host galaxies, similar to long GRBs
(Quimby+11, Neill+11, Chomiuk+11, Chen+13; Lunnan+14; but see Berger+13, Chornock+13)

Extremely Rare: ~10-* of core collapse SN rate
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How Supernovae Shine
ejecta with mass M, velocity v, opacity «

Ry,~10""->cm
Ein o~ Mv2~10°T ergs

Eth,pk = Eth,O(RO/ Rpk) =

104 Ey o, ~ 1047 ergs R A VA Ny A
’ t e month 1 1 — > 1
b 10" km s 3M_) \0.1cmg

Luminosity peaks when t ~ t ;=

~ 47 vz 12 12
L~ 1047 ergs / t,, R ~3 Xlolscm( v _1) L Y -
~ 1041 erg S-1 P 10" km s 3M@ 0.1 cm g




How Supernovae Shine
ejecta with mass M, velocity v, opacity «

PdV work radiation

Ein o~ Mv2~10°T ergs

Eth,pk = Eth,O(RO/ Rpk) =
104 Ey, o ~ 1047 ergs

- MNi56
L~ 1047 ergs / t,, 0.2M
~ 1041 erg s
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Peak Luminosity (104 ergs s-1)

Pulsar Powered Supernovae

(Ostriker & Gunn 1971; Kasen & Bildsten 2010; Woosley 2010)

R ~ vi
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Kasen & Bildsten 2010
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Signatures of Magnetar Birth

dip

spin-down ., B. \° _1
luminosity =73 X 105 G| e’
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B dip

T min
1 ms 0° G

spin-down time .

Birth Period P, (ms)




Signatures of Magnetar Birth

spin-down ., w’Q B,
lumanSIty i = C3 = 1015 G

B dip

0° G min

spin-down time .

» Jet punches successfully
through star (?7?7?)

> Ly~ L, ~ 104> erg s

> Tgq ~ Minutes-hours

Birth Period P, (ms)




spin-down , 209 P\ B, Y
B 6x10® (—) ® | ergs!

lumanSIty i C3 1InS 1015 G

-2

in-d time . )2 Bai min
spin-down time . Tms) |10 G

» Jet punches successfully
through star (?7?7?)

> Ly~ L, ~ 104> erg s

> Tgq ~ Minutes-hours

> Jet stifled, but optical SN
powered diffusively

» Ly~ Lgy ~ 1044 erg s

> Tgq ~ Week - months




“Magnetar” Model for Superluminous SNe

PROS

* “Explains” similar host galaxies to long GRBs
(both require rapid rotating progenitor)
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* Can reproduce diversity of rise times and
peak luminosities

Kasen & Bildsten 2010
absolute magnitude

CONS

50 100 150 * Can reproduce diversity of rise times and
restframe days since explosion

peak luminosities (hard to test)

* How to distinguish from other hidden energy
SN2011ke sources (optically-thick GSM interaction)

M. =86M
€ sun . . .
B=64x10"a * Assumes pulsar wind thermalizes with 100%

P=17ms

efficiency.

Inserra et al. 2013

Reality: Poynting flux = e¢*/- pairs = non-

thermal radiation = thermal radiation

100 200 300 400
Days since explosion




Can we see 1nside nebula directly?

45

-8 -
v

UV/X-ray opacity of neutral oxygen

Light escapes when t > t ;=

-1/2 1/2 1/2
v M K
t > month 1. 1 Y 5 1
10" km s 3M 0.1 cm’g

Optical (xk ~ 0.1 cm?g') = t ~ month

Hard X-ray ~ 10 keV (k ~ 30 cm?g™)
= t ~ few years

Soft X-ray ~0.1 keV (x ~ 105 cm?g")
=t ~ 100 years




X-ray lonization Break-Out

(BDM, Vurm, Hascoet & Beloborodov 2013)

neutral

SN ejecta
nebula '
(e* pairs,

photons)

lonization
fronts
Pulsar inflates nebular cavity.

Nebula X-rays 1onize inner
exposed surface of ejecta

Ionization front reaches outer
surface =

X-rays escape to observer.

Luminosity (erg s )

: Optlcal - Optical X—Ray (0.1-1 keV) 3

P=1ms ]

Time (days)




Model for Evolution of
Millisecond Pulsar Wind Nebulae

(BDM, Vurm, Hascoet & Beloborodov 2013)

unshocked SN ejecta ionized ejecta

Pulsar Spin-Down
* cooling e*~ pairs
Non-ThermaIIUV | X-rays

photo-ionization

albedo p>Ejecta Walls dbf opacity

l v

supernova

Thermal Bath =————p
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Pairs injected into nebula at rate

...with energy per particle
...and particle lorentz factor

...which will actually be limited by
cooling to a much lower value:

...producing photons of energy:

sufficient to create pairs, which given
the high compactness of the nebula,

“saturated” pair cascades =
flat photon spectrum

. L
Esd,v = :

e.g. Zdziarski & Lightman 1985

N, = u.Ngy = 5x 107, Bi3PT5(1 + t/tg) " 's™

L
NSd ~ 1.1 x 108 erg p;' BisP2 (1 + t/tg) ™"

€.

— = 13X 10%4. BisP3 (1 + t/10)™

3e t
~ 5% 10% /4Lyl e (_

orBy B2 t4,0

fie B, (y™*)? /m.c ~ 100 MeV

(BkTy, ~1 eV < hv <1 MeV)
14v ~

EwoTtR, _ t )
£ = ="~ 2.1(1—ﬂv)‘1L45v;1/2M3'1/2(—
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oL M ﬁ Model for Evolution of

Millisecond Pulsar Wind Nebulae

(BDM, Vurm, Hascoet & Beloborodov 2013)

unshocked SN ejecta ionized ejecta

Pulsar Spin-Down
* cooling e*~ pairs
Non-ThermaIIUV | X-rays

photo-ionization

albedo p>Ejecta Walls dbf opacity

l v

supernova

Thermal Bath =————p
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analogy to AGN accretion disks




0" (14-35eV)
0%*(35-55eV)
0%**(55-1580eV
Fe?®*(>1.58keV

fBreak-Out

BDM et al. 2014
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Time of lonization Break—0ut

Magnetic Field B, (G)
Magnetic Field B, (G)

1.2 1.4 1.6

Initial Spin Period P (ms) Initial Spin Period P (ms)




Superluminous X-rays from a Superluminous SN
(Levan, Read, BDM, Wheatly, Tanvir 2013)

SCPO6F6 MOS1 5 A TMOS2

Chatzopoulos et al. 2013
(cf. Barbary et al. 2009)
Luminosity [erg/s]




Superluminous X-rays from a Superluminous SN
(Levan, Read, BDM, Wheatly, Tanvir 2013)

SCPOGF6 MOS1 o 5 - TMOS2

Chatzopoulos et al. 2013
(cf. Barbary et al. 2009)
Luminosity [erg/s]

' 022kev|
» No X-ray detections from

other SLLSNe

» Limits ., < 10*2-10* erg s°!
on timescales < 70 days

Swift 11644457 SEAd (usually too eaTIYD
m _

«Swift J2058+05

Levan et al. 2013
2

Log(Luminosity) (ergs s!)

o e » Future: X-ray follow-up affer
«SLSN-1
«SLSN-I (stacked)

& ScposFs - optical peak confirm/constrain
oot o remmremmtyl Pulsar model for SLSNe

Time since outburst (restframe days)




Application to Binary Neutron Star Mergers

BDM & Piro 2014

peak optical luminosity

-3/2
Lopt,peak =~ X sd

Bd )—2/3 M
10°G) (1072 M,

¥ > 1 = X-rays lose energy to PdV work

before reaching walls (thermalization)

Time (hours)




Summary

Hydrogen-Poor SLLSNe may be powered by spin-down of nascent
millisecond pulsar

However, previous models [1] challenging to test (degenerate) and
[2] assume pulsar luminosity thermalizes

We have developed a model for the evolution of millisecond PWNe
that couples X-ray to thermal radiation via interaction with ejecta
walls (self-consistent)

Pulsar wind = e*/- pairs = X-rays = thermal (optical) photons =

observer (optical SN)

High X-ray opacity of neutral matter normally prevents X-rays
from escaping SN ejecta for > decades after explosion

But... high X-ray luminosity of millisecond PWNe can re-ionize
ejecta within months of optical peak (Ionization Break-Out)

Pulsar wind = e*/- pairs = X-rays = observer

Luminous X-rays from SCP 06F consistent with 1onization break-
out = evidence that some SLLSNe are engine-driven.




