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“客星”：历史超新星

1054年中国北宋天文学家发现金牛座“客星”
（超新星）

《宋史．天文志》：

（宋）至和元年五月己丑（1054年7月4日），
（客星）出天关东南可数寸，岁余稍没。

《宋会要》：

嘉祐元年（1056年）三月，司天監言：客星没，
客去之兆也。初，至和元年（1054年）五月，
晨出東方，守天關，昼見如太白，芒角
四出，色赤白，凡見二十三日。



第谷（Tycho），AD1572（11月）

453周年

Red: Spitzer IR
Green: Calar Alto Opt.
Blue: Chandra X-ray NASA/CXC/SAO

周平、陈阳等 2014



SN 1987A in X-rays

超新星1987A

http://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/nebulae/sn1987a_acis.html

24 nutrino events  Nobel Prize

http://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/nebulae/sn1987a_acis.html
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Classification of SNe



Classification 
of SNRs

超新星遗迹

SNRs

壳层形

Shell-type
蟹状形

Crab-like
混合型

Composite

热混合型

Thermal 
composite

Galactic：~300

Magellanic：~80

or: Mixed-morphplogy



Shell-type SNRs

Swept-up heated hot gas (thermal emission) + accelerated 
relativistic particles (non-thermal emission)

SN1006 Kepler N132D （萧潇 & 陈阳 2007）

Tycho Cas A



Crab-like SNRs

Pulsars, left by the 
core-collapse SN 
explosion, power 
the relativistic 
winds – pulsar 
wind nebulae 
(PWNe)

Crab (in X-ray, opt., & radio) G54.1+0.3 (卢方军 et 
al. 2002)

3C58



Composite SNRs
G21.5−0.9 (Slane & 陈阳 et 
al., 2001; Metheson & Safi-
Harb 2005)G11.2−0.3

N157B (陈阳, 王青德, et 
al., 2006)



PWNe/SNRsB0540-693 in LMC G11.2-0.3

G292.0+1.8

Kes75

Reynolds 2017, SSR



Thermal Composite (TC) 
(Mixed morphology)

•Radio shell (blastwave)

•Associated with MCs (but not all)

often with OH Masers

(signpost of shock interaction with MCs)

•Interior thermal X-rays, some with Tz > Te

intriguing, nature UNCLEAR !

W28
3C391

W44

Kes 41 (Zhang, Chen+15)



超新星（遗迹）爆震波的演化

Isotropic explosion and further evolution
Homogeneous ambient medium
Three phases:
• Free expansion
• Adiabatic expansion
• Radiative expansion

Type Ia SNe: 14%
Core-collapse (> 8M⊙) : 86%
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超新星（遗迹）爆震波：自由膨胀相
Forward and reverse shocks

• Forward Shock: into the CSM/ISM (fast)
• Reverse Shock: into the Ejecta (slow)



自由相：Self-similar models

• Radial profiles
– Ambient medium
– Forward shock
– Contact discontinuity
– Reverse shock
– Expanding ejecta

(Chevalier 1982)

nejecta ∝ r –n

na ∝ r –s



End of the free-exp. phase

• Reverse shock has reached the core region of the 
ejecta (constant density)/the center

• ~2/3 Ek has been thermalized

See Truelove & McKee
(1999) for a semi-analytic
treatment of this phase

RS

FS

1-D HD simulation by Blondin

Swept-up mass ~ Ejecta mass



绝热相：The Sedov profiles

• Most of the mass is confined in a “thin” shell
• Kinetic energy is also confined in that shell
• Most of the internal energy in the “cavity”

Shocked ISM ISM

Blast 
wave
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Radiative phase

RS = (147× ϵ ESNRRT
2/4πρ0)1/7 t2/7

TS < 6×105 K

ϵ =0.24, RT: radius at phase transition

Shock wave gets so slow that 
postshock gas is at a  temperature

and the shock wave is radiative.

(Blinnikov et al. 1982)



Radiative shocks
早先受到震激的(shocked)物质已冷却
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• 辐射性前导 (Radiative precursor)：
UV光子电离 （Vs > 110 km/s可完全电离H、He）
分子气体： 光致离解 （H2→H+H）进而电离

• 跃变条件：

大量C、N、O
离子俘获电子
并被激发
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Heger+2003



SNR-NS associations(Credit: Fu, Lei)

Latest discovered association: the 51ms pulsar 
in CTB87, discovered with FAST

(Liu, Zhong, Chen+24)

(Matheson+13)



Pulsar wind nebula (PWN)
Magnetized particle wind: e+, e-

Gaensler & Slane 2006

Termination shock:  RW =[Ė/(4πωc PPWN)]1/2



The “Crab”

� 1

Particle dominated wind, 
with γ ~ 106

Kennel & Coroniti 1984

Magnetization parameter: 



Torus+jets structure

3C58 (Gaensler & Slane 06)



Pulsar

The wind of the central 
pulsar can be divided into 
two components: equatorial 
flow and polar flow.   

(Lu et al. 2002)

G54.1+0.3 CTB 87

(Liu, Zhong, Chen+ 2024) (Matheson+ 2013)



Spectral indices 

Sν ∝ ν−α in radio, 
for N=39 (26 composites, 
13 plerions)



Seward & Wang (1988)

Seward-Wang Relation
汪珍如教授 1937-2017

…… she pioneered X-ray astronomy in China.  
- Richard McCray (1937-2021)



Relations between the X-ray luminosity and 
spin-down power (with a sample of 24 PWNe)

The more energetic pulsars intend to release a 
bigger fraction of their spin-down power in their 
PWNe. Li, Lu & Li 2008, ApJ 682, 1166



Synchrotron loss

Slane, Chen+ 2000, 
Chandra

Chen+ 2006

G21.5-0.9

N157B

dE/dt ∝ E2B2

⇒



Evolution of PWNe
(1) 在脉冲星减速时标τ以内（t < τ）,受到终止激波震击的超高压的脉冲星风等离子体

在抛射物的核区内迅速向外扩张形成小泡，表面激波依∝ t 6/5超声速加速膨胀。

(2) 泡面受到从遗迹壳层传回的反向激波碰撞（发生的典型时标为几千年），在数千
年内经历若干次压缩、反弹的轮回震荡，乃至压破。

Van der Swaluw 2004
2kyr 3kyr



Evolution of PWNe
(3) 脉冲星风云在处于Sedov相的遗迹内部高温气体中亚声速膨胀。若t < τ，演化律为

∝ t 11/15；若t > τ，则按∝ t 0.3强烈减速。
(4) 由于脉冲星在超新星爆炸时获得“踢出”速度（典型值为每秒500公里上下），脉

冲星穿出原先的风泡，生成新的、较小的星风云，新旧星风云各自主要呈现在X射
线和射电波段。

G327.1-1.1

Gaensler & Slane 2006

PSR escapes from 
radio relic PWN 
left behind

Vela PWN

Slane+ 2018



Evolution of PWNe

(5) 随着遗迹内部气体的

冷却，脉冲星的穿行
成为超声速运动，星
风云外表出现弓激波，
呈彗星样的拖尾状，
不再膨胀。

Transition to bow shock 
at 68% rs

W44

Gaensler & Slane 2006



Evolution of PWNe

(6) 脉冲星逃逸出遗迹壳层（发生的典

型时标为若干万年），穿行于星际
介质中，通常高度超声速；星风云
受限于星际弓激波，呈彗星拖尾状。

(7) 最后阶段，脉冲星运行到低密度区

域，不再超声速，能量输出微弱，
裹在一个静态或缓慢膨胀的、为星
际介质热压力束缚的相对论性气体
腔中。

Mouse Nebula
Gaensler & Slane 2006

Chatterjee & Cordes 2002

Guitar nebula

Gaensler+ 2004

PSR B1957+20 (recycled `black widow’) 



Supersonic PWN

Kargaltsev+1708.00456



Pulsar (TeV) halos

(Giacinti+2020)



Type Ia SN progenitor: dubble or single 
degenerate ? 

CSM in Kepler’s SNR
double-degenerate

WD+WD
single-degenerate
star+WD (disk wind)

 CC SNR? 
N-rich, bow shocked like CSM 

 Ia SNR?
• Location 590pc away from the Galactic plane
• High [Fe] in X-rays, conclusive evidence

 DD progenitor? 
• No surving companion

 SD progenitor?
• CSM-interaction, suggesting AGB, core degenerate, 

subdwarf B star, etc.

cool
Sun & Chen 2019



Ia SNR Kepler

 Shocked CSM: [O]/[Fe]L~0.77, [Mg]/[Fe]L~1.11; mass~1.4M⊙
consistent with an AGB donor with 4M⊙

 Shocked ejecta: [O]/[Fe]L~0.31, [Mg]/[Fe]L~0.38
compatible with “spherical delayed-detonation” model

(Sun & Chen 2019)

hot

cool

Spitzer
24µm

cool



G306.3-0.9: Calcium-rich Transient

Mass-weighted abundance ratios S/Si < Ar/Si < Ca/Si
compared with 20 SN models

(Weng et al. 2022)

XMM-Newton pn image 
red:  0.5-1.5 keV
green: 1.5-3.5 keV
blue: 3.5-7.0 keV
.



Possible Mechanisms for thermal composites

1. Rim radiative cooling 
(interior still hot to emit X-rays)

2. Thermal conduction
(to distribute enough gas near the center)

3. Cloud evaporation
(gas evaporated from dense cloudlets)

4. Projection effect
(projection of dense gas shock)

5. Metal line emission
(dust destruction & ejecta enrichment)

………… ?
*. Shock reflected inward !
(by the wind-cavity wall)

Candidate mechanisms for thermal composites SNRs:



- Models of Radiative Rim &             
Thermal Conduction

(Cox et al. 1999, Shelton et al. 1999)

hot

cooler

shell 
formation

surface brightness

 SNR old, radiative shell formation, rim faint in X-rays

 Thermal conduction smoothes out T gradient, increases central 
ρ (seems applicable to W44)

 difficult for uniform T distribution (Kes 79, 3C391, etc.)



- Model of Cloudlet Evaporation
Evaporation of 
clumpy ISM (White & 
Long 1991)

brightness profile

Evaporation of clumpy CSM 
(Chen, Wang, & Liu 1995)

2.0

1.1

 Mass of ISM mostly contained in cloudlets (mass constrast C>1)

 Evaporated gas lowers central T, increases central ρ (T and ρ
almost uniform!)

 difficult for SNRs with equilibrium ionization (W44, W28, etc.)

nH (cm−3)/f −1/2d8 
1/2

18

11

2.3

5.46.8
6.1

1.9

6.4 4.8

2.0
2.82.9

1.14.5

2.6

3C391 (Chen+ 2004)



- Shock reflection
(Chen et al. 2008, ApJ, 676, 1040)

What if an SNR impacts on a cavity wall?

The CG4 GlobulekT ≈ 0.6-0.7keV

hotter (1keV), 
harder
[S/H]=1.9-2.8 
[Ca/H]=2.8-6.8

(Chiotellis et al. 2024)



A subclass of TC SNRs: 
enhanced-abundance / ejecta-dominated

 25-30 (67%-81%) among 36-37 known TC SNRs: z > 1
 ~14 (50%) of them in the subclass associated with MCs 

(Lazendic & Slane 2006) (Pannuti+ 2014)

Questions:
Why are these X-ray emitting gas evolving in MCs 
ejecta dominated? (Not mixed / diluted?)
 Any relation to the physical nature of TC SNRs?



Sub-class TC: Ejecta-dominance

SNR Kes 41 
(Zhang, Chen+ 15)

MOPRA

S Ar

shock reflection

Most of the subclass TC SNRs 
are in cavities!

OH maser



Unified NEI Scenario?

Kawasaki et al.’s (2005)

TC (MM): kTz > kTe
Shell: kTz < kTe

（Credit: 孙磊）



Possible origins of recombining plasmas

Increase in kTi (extra ionization)Decrease in kTe (electron cooling)

• Adiabatic cooling (e.g., Itoh & Masai 
1989) 

• Thermal conduction (e.g., Kawasaki 
et al. 2002; Zhou et al. 2011; Zhang et 
al. 2019)

• Suprathermal electrons (e.g., Ohnishi 
et al. 2011)

• High-energy photons (e.g., Kawasaki 
et al. 2002)

• Low-energy cosmic rays (LECRs, e.g., 
Yamauchi et al. 2021)



1st NEI simulation for 
thermal composites

Zhang+19,ApJ

Red: ionizing
Blue: recombining
• classic conduction
• evaporation
• expansion



FXT’s FOV
(1°×1°) Radio contours

ROSAT image of  HB9

XMM’s FOV

EP-FXT: large FOV and effective area

EP proposal (Lei Sun, Hanxiao Chen, Yang Chen)

CIE model

RP model

IP model

Ne IX RRC

Simulated 25 ks FXT spectrum of a subregion of HB 9



祝同学们暑假快乐！
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