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Outline

* Superluminous supernovae (SLSNe) and long-lived gamma-ray bursts (GRBs)
* Magnetars and their spin-down power and timescale
* Millisecond magnetar energy and spin evolution
* Gravitational wave (GW) emission versus electromagnetic dipole radiation
o Simple constraints
o effect on light curve
* Conclusions



Absolute magnitude (mag)

0.3-10 keV Count rate (s-)

H/S

Troja+2007

-21

-23

GamI-Yam 2012

-22

~2{0)

-19f

18+

A7+

161

51

A SLSN-I
® SLSN-II 7]
<l SNlIn
SN la
& SN lIb/c
SN IIb
NI-P |

v
-14 * o
%
_13 1 1 | 1 1 1
-100 0 100 200 300 400 500 600
Days from peak
7 T ' ' " % Mmode
i \I + WT mode
10 ? .\4’ + PC mode
. N
1k ‘Fﬂ-\ —— model 1
E \ — —model 2
~ ~—
0.1 E
0.01 ¢
10» L GRB 070110
2N ' |
2 ke
1 _____________________________________
05 f
Caal . PRRETRET R | 4 PR S R Tar W o | PR | "
F 1 1 1 1
25 = +
2 |t | + 44+ = &
15 E_ul 1 v aaaal L Lo a ol L 11 r il L R |
100 1000 104 108 108
Time since BAT trigger (s)

Superluminous supernovae and
long-lived gamma-ray bursts

e Superluminous supernovae (SLSNe)
omore luminous
o bright at late times (~10-100 of days)

* Long-lived gamma-ray bursts (GRBs)
- subset of short and long GRBs
o bright late-time plateau — extra

energy for prolonged time (~10% s)
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Neutron star spins and magnetic fields
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see talks by Kramer and Lentati

 P—P diagram: measured spin period and time derivative
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o millisecond pulsars
o radio pulsars
- magnetars

* Rotational energy E,., = 1Q2/2 = 2x10°? erg (P/1 ms)~2
* Magnetic dipole radiation
o energy loss L .. = E, . ~— B2RCQ%/c3

o timescale t .. = |E.o/ Epagl=2x10°s By, 72 (P/1 ms)?

- infer magnetic field with £, = IQQ = 4x2P/P3 = |
= B=3.2x10°G (PP)Y/2
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Using millisecond magnetars to power SLSNe and GRBs

see also talk by Rezzolla for GRBs
* Rotational energy E, , = 1Q?/2 = 2x10°? erg (P/1 ms)~2

Superluminous supernovae (SLSNe) - rotational energy loss IQQ) = L mag
* more luminous >  wherel . ~—B*RQ/c3
* bright at late times (~10-100 of days) > oontimescale t .. =2x10°s B, > (P/1 ms)?

23 . . . . . GamI—Yam 2012

ol [t‘% = * Energy evolution from 1% law (eg Arnett 1980)

21— — 4 — — — — SLSN threshold — — ¥ SLSN-R | 0E 0V | | see also talk by Nissanke
B’ ol & SN Ib/c | a(tE)
A 5 =t (Lmag = Lrad)
E | " . e - _ c 9(E/V)
: _:6_ where radiative diffusion L= 4mr? wp or ~ tE/t i
;-g -5 F

y
e o, ‘ * Coupled evolution of E and (2 (eg Kasen+Bildsten 2010)

i3 : ' ' : : ' i
100 0 100 200 300 400 500 600 o |Ight curve Lrad(t)

Days from peak

o peak luminosity L .., (= max L 4) and peak time ¢ .,
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isecond magnetars to power SLSNe and GRBs

| =~ «Rotational energy E,, = IQ?/2 = 2x10%2 erg (P/1 ms)™2

- rotational energy loss IQQ =L
where L .. ~— B°R°Q?%/c3

o on timescale t, .. = 2x10° s By, (P/1 ms)?

* Energy evolution from 1% law (eg Arnett 1980)

OE v
OE=_ E'I'Lmag_Lrad
3 (tE)

ot =t (Lmag - Lrad)

c J(E/V)
3Kp  ar

where radiative diffusion L 4= 4mr? ~ tE/t 4’

* Coupled evolution of E and Q (eg Kasen+Bildsten 2010)

o light curve L__4(t)

o peak luminosity L .., (= max L4) and peak time ¢ .,
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Using millisecond magnetars to power SLSNe and GRBs

SLSNe

44.5 44.5

* Rotational energy E,., = IQ%/2 = 2x1052 erg (P/1 ms)2
- rotational energy loss IQQ =L
where L .. ~— B°R°Q?%/c3
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* Coupled evolution of E and Q (eg Kasen+Bildsten 2010)

5
Luminasiy (1.0-10000.0 keV) (10% erg )
o104 104 104 10 001 01 1 10

o light curve L__4(t)
o peak luminosity L .., (= max L 4) and peak time ¢ .,
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Simple constraints on amplitudes of ellipticity and r-mode

* Magnetic dipole radiation L, ~ B2Q*R®/c?
| | I o energy loss time
GW ellipticity tiag = | Evot/ Emag|= 2x10° s B1, 72 (P/1 ms)?

1016

A A

10 § * GW from ellipticity L,,, ~ e2Q°G/l?/c’
o energy loss time

tow = Eror/ Low|=2x10%s (€/1073)72(P/1 ms)*

1014

B (G)

* GW from r-mode oscillation L, . ~ 0*Q® GIMR*/c’
o energy loss time

1013 tgw,r = | Erot/ ng,r I =1x10°s ((1/003)_2(,[’/1 ms)6

* GW constraints if t,, ort,, <t .

1012

08 0B 1 o 4 8 B 10 * Rotational energy loss IQQ=Lmag+ Lgy,
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Simple constraints on amplitudes of ellipticity and r-mode

* Magnetic dipole radiation L, ~ B2Q*R®/c?
| | I o energy loss time
A GW r—mode tmag = | Erot/ Emagl= 2x10%s B, 72 (P/1 ms)?

106

A

A
1018 = * GW from ellipticity L,,, ~ e2Q°G/l?/c’
* o energy loss time
e ] tow = | Evot/ Lgw|= 2x10%s (6/10-3)2(P/1 ms)*
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* GW from r-mode oscillation L, . ~ 0*Q® GIMR*/c’
o energy loss time

1013 tgw,r = | Erot/ ng,r I =1x10°s ((1/003)_2(,[’/1 ms)6

* GW constraints if t,, ort,, <t .
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Effect of GWs on SN/GRB light curve
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* Energy evolution from 15t law (eg Arnett 1980)

OE v

OE__ E'I'Lmag_Lrad

* Rotational energy loss /QQ) = Lnagt L

gw

~ B%2Q)%R%/¢c3
o energy loss time t_ . =2x10° s By, ~* (P/1 ms)?

* Magnetic dipole radiation L

mag

* GW from ellipticity L, ~ e2Q°GI*/c>
o energy loss time
tow = Eror/ Low|=2x10%s (€/1073)72(P/1 ms)*

* GW from r-mode oscillation L,,, . ~ a?Q?® GIMR*/c’
o energy loss time
towr =l Erot/ Lgw,r 1= 1x10° s (0,/0.03)7%(P/1 ms)®

see Kashiyama et al 2016, for more
detailed calculation with GW constraints STAG v
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Effect of GWs on SN/GRB light curve
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* Energy evolution from 15t law (eg Arnett 1980)

OE v
OE=_ E'I' Lmag_Lrad
* Rotational energy loss IQQ =L+,
* Magnetic dipole radiation L___~ B*Q*R®%/c3

mag

o energy loss time t_ . =2x10° s By, ~* (P/1 ms)?

* GW from ellipticity L, ~ e2Q°GI*/c>
o energy loss time
tow = Eror/ Low|=2x10%s (€/1073)72(P/1 ms)*

* GW from r-mode oscillation L,,, . ~ a?Q?® GIMR*/c’
o energy loss time
towr =l Erot/ Lgw,r 1= 1x10° s (0,/0.03)7%(P/1 ms)®
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Effect of GWs on SN/GRB light curve

* Energy evolution from 15t law (eg Arnett 1980)
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Conclusions

GW effect on magnetar model of SNe/GRBs if

* ellipticity € > 104, but theory/observation < 103

* r-mode o, > 0.01, but theory/observation < 10-3/0.1
(see also talk by Andersson)

—> magnetar model is ok for SNe/GRBs without GWs
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