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key questions of high energy astrophysics |

How (relativistic or non-relativistic) outflows are accelerated and
how the energy is converted to thermal and non-thermal emission?
What is the central engine? = mostly compact objects (BH, NS,WD)

Gamma-Ray Bursts (GRBs): The Long and Short of It
Long gamma-ray burst Short gamma-ray burst

(>2 seconds’ duration) (<2 seconds’duration)
Inner Structure of an Active Galaxy A red-giant

0.1 lightyears

Relativistic Jet

e

Gamma rays




key questions of high energy astrophysics 11|

What kind of massive star (RSG, BSG, WR) produces
what kind of compact object (NS or BH? B field, rotation, disk?)
and what kind of explosive transient (SN, GRB or else) ?

Image credit: Chandra




key questions of high energy astrophysics Il

What kind of compact binaries (BBH, BNS, BHNS, ...) produces
what kind of compact object (NS or BH? B field, rotation, disk?)
and what kind of explosive transient (GRB, FRB, or else) ?
How compact binaries are formed?




Contents

|. a missing link
2. a missing central engine
3. a missing energy




I. A missing link



The diversity of young neutron stars
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log,, [Period derivative]

Magnetars
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Central Compact objects

log,, [Period dérivative]v
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The diversity of young neutron stars

The formation rates are roughly comparable
~ |/100-1000 yr.

What makes them different!?



R [km)], Initial State of Accretion

Fallback accretion may be crucial! gl

e.g., Torres-Forne “ et al.16
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Pulsar wind vs fallback accretion

Constructing a new sequence of self-similar solutions Shigeyama & KK 18
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Pulsar wind vs fallback accretion

Shigeyama & KK 18
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For y <= 4/3, there is no solution with accretion rate larger than Meit = X (47 Dy /&) crit-

G M.



Pulsar wind vs fallback accretion

Shigeyama & KK 18
In the critical situation of NS with fallback,

t 2/3
re ~ 4.2 % 10° cm & (ﬁ) < the shock surface at the fb time

t —-2/3
Eeerit ~ 2.8 x 107* (ﬁ) . € the contact surface = the NS surface

gs,crit ~ 0.3 and (47Tbe\/g)crit ~ 10.€ y >~ 4/3
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Fallback accretion can be repelled if Mdot is smaller than

Parfrey et al. 16
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Fallback accretion onto NS

Should depend on the progenitor inner structure e€.g., Ugliano et al. 12; Ertl et al.16
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The fallback typically starts when the neutrino luminosity significantly decreases, i.e., tg ~ 10's
dfter the core bounce, and the accretion rate subsequently decreases as o (t/tg,)=>"3 for t ~> tg,.

The total mass of the fallback matter increases for more massive stars, ranging from
be ~ [10-(2-4) MO .

Correspondingly, the peak mass accretion rate is estimated to be ~ 10~3-3) M, s~ !.



The fate of newborn neutron stars
with fallback accretion
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The fate of newborn neutron stars
with fallback accretion

Low field magnetar? High field magnetar?
Mg, =107° M, , tg, = 10s Mg, =107 M, , tg, |= 10s Mg, =107% Mg, fn\: 10s
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The fate of newborn neutron stars
with fallback accretion

Mg, =107° M, , tg, = 10s Mg, =107 M, , tg, = 10s Mg, =103 My, tg, = 10s
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typical ranges of parameters for newborn NSs ~ the intersection of the boundaries

—> The fact that the three classes have a comparable population can be naturally explained?



2. A Missing Central Engine



Fast radio bursts
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~50 events so far with Parkes,
Arecibo, and GBT, UTMOST,
ASKAP, (and CHIME?) but not
with LOFAR
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One is repeating (FRB121102)!

Time after UT 19:50:01.63 (ms)

Lorimer et al. 2007; Keane et al. 2012; Thornton et al. 201 3; Burke-Spolaor & Bannister 2014; Spitler et al. 2014;

Ravi, Shannon & Jameson 2015; Petroff et al. 2015; Masui et al. 2015; Champion et al. 2015 ...



F RB I z I I o z Spitler+16, Chatterjee+17, Marcote+17,Tendulkar+17, ...

I The host is identified!-

It repeats! e.g., ~10 times in ~3 hrs
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The Persistent Radio Counterpart

Spitler+16, Chatterjee+ 17, Marcote+17,Tendulkar+17, ...
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The source is localized within ~ 0.7 pc (!!)
& associated with a star forming region ...

Kokubo+17
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The spectrum is compatible with
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“Or a bubble?

= pulsar wind nebula
& supernova remnant



A Very Young NS in a Bubble

The PWN emission is absorbed The non-thermal pulsar wind nebula (PVWN) emission in
and thermalized in the supernova ejecta, the radio bands starts to escape the supernova ejecta.
powering a luminous supernova. —> repeating FRBs and the persistent radio counterpart?

pulsar wind nebula

supernova ejecta



A Very Young NS in a Bubble

The PWN emission is absorbed The non-thermal pulsar wind nebula (PVWN) emission in
and thermalized in the supernova ejecta, the radio bands starts to escape the supernova ejecta.
powering a luminous supernova. —> repeating FRBs and the persistent radio counterpart?

supernoya ejecta



vF, (erg cm= s7)

Very young, but not too young
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The flux is much higher than
the Crab

—> Much younger and powerful
than the Crab pulsar.

In the early stage, radio waves
cannot escape the nebula ...

—> The NS is sufficiently old and/or
the SN ejecta mass is small.



Formation rate

* The rate of repeating FRBs inferred from the survey
~ 1.4 - 107° sq.deg~!'s™! (Scholz+16)

 which can be translated to the formation rate as

~ 60f, 1 Gpelyr! (Topy /10 yr) ™1

fOI‘TFRB~|0)'I‘&fb~| 9 ~OI%OfCCSNe
for trrg ~ 100 yr & f, ~ | = ~ 0.0l % of CCSNe

(though the uncertainty is huge)



Constrai

Mg = 3Mg, En = 10 erg

nts on NS & SN
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Py ~ ms, By, ~ 103 G, & toee ~ a few 10-100 yrs

~ 100 yrs, the formation rate is ~ 0.01 % of core-collapse SNe.

. KK & Murase 17



A Very Young NS in a Bubble

The PWN emission is absorbed The non-thermal pulsar wind nebula (PVWN) emission in
and thermalized in the supernova ejecta, the radio bands starts to escape the supernova ejecta.
powering a luminous supernova. —> repeating FRBs and the persistent radio counterpart?

superiova ejecta



Diversity of pulsar-driven supernovae

“Height”

My, [mag]
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KK +16



Superiuminous Supernovae - FRBs?

51
Mej=5M My; =01 M,.,.E,,=3x10"" erg

sun? sun?’

KK+16
Murase, KK, Meszaros 16
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v’ Pulsar-driven superluminous SNe: M,; ~ a few M, Py ~ ms, By, ~ 103 G
- consistent with the young NS model for FRB 121102

v' The event rate is consistent; ~ 0.01 % of core collapse SNe

v' The host gal. type is also consistent



A Very Young NS in a Bubble

The PWN emission is absorbed The non-thermal pulsar wind nebula (PVWN) emission in
and thermalized in the supernova ejecta, the radio bands starts to escape the supernova ejecta.
powering a luminous supernova. —> repeating FRBs and the persistent radio counterpart?

supernoya ejecta



Radio PWNe of SLSN remnants

Omand,KK,Murase 17

0. fit SLSN light curves with the pulsar driven model
| calculate the early PWN emission

v" Detectable with ALMA from ~ | Gpc
<~ a few yrs after the explosion

v" Detectable with VLA from ~ | Gpc
~ few 10 yrs after the explosion, and

consistent with FRB121102
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Still missing

* The observed upper limits on the radio PWNe

by ALMA and NOEMA

1073
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Flux (Jy)
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SN2015bn 100 GHz
SN2015bn 230 GHz
SN2016ard 100 GHz
SN2016ard 230 GHz

SN2017egm 100 GHz ||

SN2011ke 100 GHz
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Observer Time after Explosion (years)

by VLA (including FRB search)
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SN2011ke
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Omand et al. in prep
Law et al. in prep



Powerful survey facilities online

UTMOST

CHIME
The Canadian Hydrogen Intensity.Mapping Experiment

7

nthesis Telescope (MOST)

T
¢ En[ﬂ'&“‘&““
A /,), -~

i

| The Hydrogen Intensity and Real-time Analysis




3. A Missing Energy



Double WD merger /

Not found

Debris expansion

Fast-spinning WD
@ mass shedding limit?

= P... = 1-10 sec

~ 10°%rg/100yr R

~ |0 % of CCSN



Cosmic ray e~ factories?
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Kashiyama, Ioka, & Kawanaka 11



Origin of FRBs?

W/ny Curvature-radiation
k/GHZ emitting shell
Q x N,
pat

Coherent patch ¢ x N,

N T p

A Q 2.
S5 4 2
mf
roo T'cap
€111
l|"
Tcap “5 Magnetic energy dissipation
v ‘_',‘1 """ in the polar cap
v > » -

€ r.  (CY)..... Newly born
C white dwarf pulsar

Kashiyama, Ioka & Mészaros 13
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The Target Signal

e.g., magnetized (3x108 G)WD GI | 1-49 P=6.68 hr
Amp. ~ 5%
50/) [ : _ , :
i y 1.06 - 7]
2000 1 Zimf ) .. } ) | | ;
1500 | . g 1.02# ) \ | * " ) | ]
) 1000 ; % Loof 'y & 'y
: ~ ":::::&;/‘/_/:::::' 1 E ossf { b § b
500 ! T 14 % : ‘ '.i' ‘ :'
[ 350 355 360 365 370 0.96 ]
oL . . Froegedyay {000 e ‘
0 20 40 60 80 100 00 0> Phe = =0

Frequency (cycles/day)

* DECam minute cadence survey Belardi+ (2016)

Seealso Kepler/K2 observation of pulsating WD Hermes+ (2017)

But there is no sub-mimute cadence survey so far ...



How many fssWDs?

WD birth rate: NWD ~ 1 yr_l gal_l Badenes & Maoz (2012)

Double WD merger rate: Nmerger ~ 10~ (%3) yr_1 gal_1

- fraction of merger-origin WDs: frswp ~ 0.1-1%

Local number density of WDs from Gaia observations

nNwD — 4.49 x 10_3 pc_3 Hollands+ (2018)

_ _ ffssWD MWD
4.49 x 10~ ° pe~3
2 * AT pe ( 1% ) \ 4.49 x 10-3pc



He eSO

The Hertz Spinning Object survey (IR%&)

with Z§§ the Tomo-e Gozen Camera; Tomo-e

OO0OO0OoOoOoaoao

Telescope: Kiso 105 cm Schmidt

Field of view : 20 deg?in ¢ 9 deg
Sensor: 1k x 2k CMOS sensort
Chips: 84

Pixel scale : 1.2 arcsec/pix
Framerate: 2 frames/sec (max)

Filter : SDSS-g+r, SDSS-g, SDSS-r #

t Driven at ordinary temperature and pressure
¥ Manually exchange between filters in the daytime




Why with Tomo-e?

28
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E 18 F _\\ LSST (8.4m), 9.6 deg? (2023-) . 20 deg?in ¢ 9 deg, CMOS
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< > s s
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Because it’'s a CMOS camera

. .
capable of sub-minute cadence! & because of its wide field of view!



Prospects

* Limiting magnitude: g = 19, sky coverage 10,000 deg?
* fowp = 0.3%
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Pipeline Construction,
Test Observations Under Way

WDJ033129.574211158.02
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Summary

. The diversity of young neutron stars is originated
from the fallback accretion onto the newborns!?

. The central engine of (repeating) FRBs and
superluminous SN is the same!

Let us search for the fastest spinning white dwartf!



