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時間軸天文学

研究対象

• Variables
• Variable stars

• Cepheids 

• Mira variables

• Flares of dwarf stars

• Cataclysmic variables

• Recurrent novae

• Transients
• Supernovae

• Kilonovae/Macronovae

• Gamma-ray bursts

• Fast radio bursts?



マルチメッセンジャー天文学
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Transients
•いつどこで起こるのかわからない

•ある天体のある時刻の観測は一度しか行えない

→ どんな小口径望遠鏡でも唯一無二の貢献
が可能。だが事前準備が必要不可欠



Transients



Radio emission from transients

• Synchrotron emission

Sari+98



Key parameters

• Synchrotron self-absorption 
(free-free absorption)

• Cooling timescale 

Chevalier82;98

a,b: structure of ejecta and CSM

高い周波数
= Transient近傍
= 爆発直前

質量放出率



Core-collapse 
supernovae



NASA's Goddard Space Flight Center

Video courtesy of ESA/Hubble/L. Calcada

Last moment of massive star 

https://svs.gsfc.nasa.gov/11447

Dense CSM



Supernovae in dense CSM

Yaron+17

SN2013fs



SNe IIP with dense CSM

Moriya+18



High Cadence Transient Survey 
(HiTS) with CTIO/DECam

Forster+18

• 26 rising transients (24 transients are 
rapid |dm/dt| > 0.2mag/day)

• Detection efficiency: 28 % for low Mdot, 
72% for high Mdot

• 1/5 of CCSNe could be without dense 
CSM. 

Assuming SNe with dense CSM



SN2013fs -evidence of dense CSM-

Yaron+17

SN2013fs

Mass loss rate: 
10-4-10-2M


/yr for vwind=100km/s



SNe with dense CSM
SN2013fs

Morozova+16

Mass loss rate: 
1.5M


/yr for vwind=100km/s



Matsuoka+19



@6.9Mpc



In this case, the mass-loss 
rate of the progenitor is 
estimated to have 
increased from ∼ 10-6−10-

5Msun yr-1
 to ∼ 10-4Msun yr-1

 

between 28 and 6 years 
before the explosion.



@7Mpc



The inferred nonsmooth CSM distribution corresponds to fluctuations on the 
subyear timescale in the mass-loss history toward the SN explosion. Our finding 
suggests that the pre-SN activity is likely driven by the accelerated change in the 
nuclear burning stage in the last moments just before the massive star’s demise.

Maeda+21

5

@14-20Mpc



• The progenitor of SN 2018ivc had experienced a very high mass-loss rate (10−3 
Msun yr−1) ∼1500 yr before the explosion, which was followed by a moderately 
high mass-loss rate (10−4 Msun yr−1) up until the explosion.

Maeda+23

即時かつ継続的な観測

@10Mpc



Superluminous supernovae

Energy source?
Magnetar, CSM interaction, or radioactivity

Gal-Yam21



• Among 43 sources at 6 and 100 GHz on a timescale of ∼ 1–19 yr post-explosion. 
No radio/millimeter emission was detected except for 2 sources.

• A comparison to theoretical models suggests that continued radio monitoring 
may lead to detections of persistent radio emission on timescales of > a decade.

Eftekhari+21

SSA



Fast Blue Optical 
Transients

Perley,…,NT+19

AT2018cow

Ultra-striped SNe?
Accretion disk around BHs?



AT2018cow@60Mpc



Gamma-ray bursts



Schematic view of GRBs



• The centimeter- and millimeter-band observations before 8.5 days require emission 
in excess of that produced by the afterglow forward shock (FS). These data are 
consistent with radiation from a refreshed reverse shock (RS) produced by the 
injection of energy into the FS, signatures of which are also present in the X-ray and 
optical light curves.

• These direct, multifrequency measurements of a refreshed RS spanning the optical to 
radio bands highlight the impact of radio and millimeter data in probing the 
production and nature of GRB jets.

Laskar+18

FS
rRS

@z=0.1475 (700Mpc)



• Linear polarization is detected at the ≈5σ level, 
decreasing from Π=0.87+-0.13% to 0.60+-0.19%, 
and evolving in polarization position angle from 
10+-5deg to -44+-12deg during the course of the 
observations.

• The coherence scale of tangled magnetic fields in 
the ejecta to an angular size of ~10−3 radian, 
while the rotation of the polarization angle rules 
out the presence of large-scale, ordered 
axisymmetric magnetic fields, and in particular a 
large-scale toroidal field, in the jet.

Laskar+19

@z=0.4245 (2.3Gpc)



Number estimate

• CCSN rate: 10-4 SN/yr/Mpc3

• 0.5 SN @<10Mpc

• 1mJy
• @ 10Mpc -> 1e26 erg/s/Hz

• @ 100Mpc -> 1e28 erg/s/Hz

• SLSN: 0.1 % of SN (Prajs+16)

• FBOT: 0.1% of SN (Ho+23)

• GRB: 0.01% of SN (Finke+24)
• Low-luminosity GRB: 0.1% of SN (Virgili+09)

Hopkins&Beacom06

CCSN

SN Ia



Multi-messengers



Gravitational wave

LIGO+17

GW170817 - NSM
NS masses are 1.17–1.60 
M


, with the total mass of 
the system 2.74+0.04

-0.01M


.

28deg2

40Mpc



Radio observations in 
multi-messenger 
astronomy

Alexander+17

Margutti & 
Chornock 21

@40Mpc



High-energy neutrinos

IceCube



High-E neutrino production

Kimura+



Origin of cosmic rays

Taylor+16



Origin of high-energy neutrinos

• Blazar TXS 0506+056 • Tidal disruption event 
AT 2019dsg

Stein+21IceCube+18



Origin of high-energy neutrinos?

Bartos+21

Identification of 
EM counterparts



Localization & number
• Gravitational waves (>10deg2, <200Mpc)

• BNSM rate: 0.01-1% of SN

• NSBH rate: 0.01-0.1% of SN (LIGO arXiv:2111.03634)

• High-energy neutrinos (~deg2, z>1)
• But, multiplets (z<0.2, Yoshida+22)

https://gcn.gsfc.nasa.gov/doc/IceCube_High_E
nergy_Neutrino_Track_Alerts_v2.pdf

GFU: Gamma-ray Follow-Up (GFU) track selection
HESE: High Energy Starting (HESE) selection
EHE: Extremely High Energy (EHE) alert selection

[/yr/sky]



まとめ
• Transient は主にシンクロトロン放射で光る

• 高い周波数の観測はより困難
• より初期（爆発直前）の情報が得られる

•即時かつ継続的な観測

•空振りにめげない心
• Non-detection で何をするか

• SN: 0.5SN/yr @<10Mpc
• SLSN, FBOT, (LL)GRB 0.5/yr @<100Mpc

• MMA
• Poor localization, high-redshift
• High-E neutrino multiplets
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