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, AD1572 (11H)

Red:Spitzer IR o SIS
Green: Calar Alto Opt** " rﬁ'
Blue: Chamdra X-ray e g NASA/CXC/SAO
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http://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/nebulae/sn1987a_acis.html
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http://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/nebulae/sn1987a_acis.html
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L\Masswe star near the end
. of its lifetime has an

H “onion-like’ structure 2\
*. Just prior to exploding

% asa supemova g
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Classification of SNe

Type | Type ll

no hydrogen hydrogen

L R L R . - .
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Thermonuclear
supernovae
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Galactic: ~300

Cla SSiFicatiOI’l Magellanic: ~80
of SNRs

SNRs
ZI N 11 . ﬁ&\‘a/_‘\ﬂiﬂ
TR LN AT FeT
Shell-type b-lik Composite Thermal
7P Crab-like P composite

or: Mixed-morphplogy



Shell-type SNRs

SN1006 Kepler N132D Gk & FRFH 2007)

‘.

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




Crab-like SNRs

CRAB NEBULRA - “ ; 3C58

‘ 5 5 i log R (pc)
Ze '

P - ™ Heated Core-envelope
Blast wave " N . (TLA)

Crab (in X-ray, opt., & radio) =~ G54.1+0.3 (S 5% et et
al. 2002)

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



Composite SNRs

G21.5-0.9 (Slane & FRFH et N157B (4ikH, F 5/, et
al., 2001; Metheson & Safi- 5| 2006)

G11.2-0.3 Harb 2005)
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6292.0+1.8
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Reynolds 2017, SSR



Thermal Composite
(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 7, > 7,

intriguing, nature UNCLEAR ! ... ... ST e : : 38:40.0
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Thermal composite SNRs in ~ GeV (Fermi)

Liu, B., Chen, Y. et al. 2015, ApJ, 809, 102
Parameters of the -y Emission of the l".iuul Composite /SNEs Obta\ned from Fermi-LAT Observation

Source Distance ' ] MC Interaction® References
Ibpvl_ ! :

God-0.1 (W2K)

lﬂl u+mr H(_ 391)

(11, 012)
(50, (13)
Il-1| Il‘\l

N

2.:~ + 1_}_1 -

0 1 IIu_l -11 ) ! 2.38 £+ 0.03°
1.1 (CTH 1,".5,, 0.07

232 + 0.03°

X 230 £+ 0.11°

G156.2+45.7 () 3 2.35 + 0.09°
(3200.1-0.8 (M5 ' e

G160.9+2.6 (HB 9) (7) 0 ] )
G166.044.3 (7)° 127 + 0.1¢ (30), (31)

1. I'>2.0 (vs.1.4-1.8for leptonic)
2. L (1-100GeV) >~ 10® erg/s (vs. ~10°* erg/s for leptonic)
3. Detailed modellings favor hadroic interaction
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Type la SNe: 14%
Core-collapse (> 8M,,) : 86%

Isotropic explosion and further evolution
Homogeneous ambient medium
Three phases:

Free expansion

Adiabatic expansion

Radiative expansion



AR GRZE) BEE: B HEKAE
Forward and reverse shocks

Forward
/shock

Reverse
shock

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




tH: Self-similar models

(Chevalier 1982)

- Expanding ejecta



End of the free-exp. phase

Swept-up mass ~ Ejecta mass

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

~2/3 E, has been thermalized

See Truelove & McKee
(1999) for a semi-analytic
treatment of this phase
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1-D HD simulation by Blondin
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Frofiles for the Sedov model

i 7FH The Sedov proflles

- 2.02Ej 215
P

Shocked ISM

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”



Radiative phase

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

To<6x10° K
and the shock wave is radiative.

Ry = (147 x € EqnRi¥4mpy) "7 7

e =0.24, R;: radius at phase transition

(Blinnikov et al. 1982)



Radiative shocks

m-ll T 1 1
FLA0 52 2B T (shocked )W) i LA 4 I
N, 2107V *em 2 (60<V, <150kms™)
N,q !/ gV, = 103VS73 / ny yr 16°

1
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Two great ideas in a single short paper

COSMIC RAYS FROM SUPER-NOVAE

By W. BaapE AND F. Zwicky

MouNT WILsON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

happenings in a super-nova now confronts us. With all reserve we ad-
vance the yview that a super-nova represents the transition of an ordinary
star into . consisting mainly of neutrons. Such a star.may
possess a very small radius and an extremely high density. As neutrons
can be packed much more closely than ordinary nuclei and electrons, the
“gravitational packing’’ energy in a cold neutron star may become very
large, and, under certain circumstances, may far exceed the ordinary

nuclear packing fractions. A neutron star would therefore represent the Baade & ZW|Cky (1 934) .
most stable configuration of matter as such. The consequences of this
hypothesis will be developed in another place, where also will be mentioned SN 2> NS & CRs
some observations that tend to support the idea of stellar bodies made up
mainly of neutrons.

D. Conclusions.—From the data available on super-novae we conclude

(1) Mass may be annihilated in bulk. By this we mean that an assembly
of atoms whose total mass is M may lose in the form of electromagnetic
radiation and kinetic energy an amount of energy Er which probably
cannot be accounted for by the liberation of known nuclear packing frac-
tions. Several interpretations of this result are possible and will be pub-
lished in another place.

(2) The hypothesis that super-novae emeads to a very
satisfactory agreement with some of the major observations on cosmic
rays.
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SNR shock wave enables
Diffusive shock acceleration (DSA)

Fermi acceleration:
basic mechanism!

- Fermi acceleration
- Converging flows
- Particle diffusion

. SC er | ng on H D wav (in the shock reference frame)



A test particle approach eeiwrs)

» Collision against a (N.R.) moving wall:

—v

—(uy+2uy ) (uy—uy)

—(r+2)/(r-1) — n ©

P P

For r=4, 0=2. Spectral index 0.5 (as in radio!)



"pion - decay bump"

Reqt mass Mean lifetime decays to
(s)
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Fermi-LAT (Ackermann, M. et al. 2013, Science): W44 & |C443
AGILE (Giuliani, A. et al. 2011, ApJ, 742, L30): W44
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PeVatrons?: High energy spectral cutoff?

® Any energy cutoff at >10 TeV for known TeV shell-like SNRs?
Any higher? Sign of E_ .. ? Are SNRs “PeVatrons”?!

max *

® “Accumulative diffusion model” predicts for 4 SNRs in LHAASO White Paper:

—e— W28
o W41
o —e— CTB37A 1
5 10 E
o
Q
LLI -12 —
y 10 :
pd
N-c 13 [
w 10 3 Ep,cut =3 PeV E
: LHAASO (5 year) :
10—14 Lol L L1l ] ol ||||] |||||||] Mﬂ_ﬂ_

IIIII | T 111 1 1. 11111 1
10  10° 10" 10" 10” 10¥® 10™ 10"
Photon energy (eV)



E.. of protons by DSA

® Canonical DSA (e.g. Bell78):

2
B |74 t
Emax = 0.03 Ngec <1MG> <1O4km/s> <1O3yr> PeV (7aec~ 10)

interstellar B ~ 3uG, V, ~ 5000 km/s, t ~ 400 yr (historic SNR)

= Eox ~ 0.0177,.. PeV 1?2 (But also see 6106.3 below)

® Non-resonant hybrid instability (Bell+13):

n |74 (R
Epop = 0.23 1/2( ) s °) Pev
S e \0.03/\10%km/s) \pc) *°©

able to arrive at order of PeV, as a hadronic PeVatron




Around turning to Sedov

R, oct — R, oc 25
® Canonical DSA: E__ ot SN E_ ot~
® Non-resonant hybrid: E_. o<t —> B o {4

E...x is reached at the beginning of the Sedov phase
® Diffusion length: Ry = 2(D )12 oc {12

Paricles with E, ., can escape from the Sedov shock



MCs near SNRs: a probe for
accelerated CR protons

Molecular Cloud

Radiatively-compressed

|. In situ interaction
A. New CRs are produced in the SNRs Tang & Chevalier 2014 interclump

Radiative shell
Inoue et al. 2010; Fang & Zhang 2010
Malkov et al. 2011
B. pre-exsiting CRs (compressed/reaccelerated) |l
with 'crushed' MCs
Blandford & Cowie 1982 ; Uchiyama et al. 2010
Tang & Chevalier 2014; ... ey




MCs near SNRs: a probe for
accelerated CR protons

ll. lllumination by escaped protons

Aharonian & Atoyan 1996
Gabici et al. 2009

Li, H. & Chen, Y. 2010, 2012
Ohira et al. 2011, 2012

MC
SNR

" |Escaping
/ g CRs

N/dE x E*  D(E) x E°



Obervational evidence of escaping protons

SO\ AR Uchiyama, Y. et al., 2012, ApJ s
WV S 24935 K e "~ red: SRC-1/2
e ’ black:\W44
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9 SNRs interacting with MCs

Li & Chen 2012)
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Hadronic PeVatron SNRs? WH50C

Interacting SNRs
Fermi-LAT

§ LHAASO

Fermi-LAT

+§h€n+2022 e WE? —_ ) ’ § LHAASO
Sac [ ~

e W5IC
P s —— CTB37A

-

o
|
s

E;dN,/dE, [erg s~' cm~?]
=

E%NME@mch§U

— p=22,6=04 Fermi (2016)
— p=22,6=05 +  MAGIC (2012)
4 Fermi (2009) + LHAASO (2024)

E?dN/dE [erg cm™2 57!
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Photon energy (eV) Energy [eV]

SNR G49.2-0,
(W51C)

Difficulties:
1. Why 1-D diffusion?
2. Can not exclude contribution from star formation regions inside W51B



Hadronic PeVatron SNRs? G106.3+2.7

ASy ( Amenomo?|+2§ ] : LHAASO J2226+6057
“ % %‘7 5 ,max 570 TGV Emax ~ 3 <1OB G> (;Tl:a\);) <1OZ > PeV
g i .. - SO (Cao+21) = © -
- Difficulties:
g 1. Why GeV-TeV spectrum that hard (a<2)?
E 2. Associated MC (pp-target) not conclusive
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Molecular
cloud _

SNRs shock against MCs (o

® Compress, heat, and drive molecular gas

® Excite, ionize, and even dissociate Shocke lous
molecules

| propagates in MCs
® Influence chemical evolution & produce
molecular emission
(e.g. 1720MHz OH maser, HCO*, etc.)
® Shock-cloud p-p collision —» % — 2y,

expected to be TeV y-ray source

Suyp .
“Qé'g—{-{f o

o
“SUperson;,

© =—Upstream (preshock) Downstream (postshock)——



SNR-MC associations & Observational Criterions

64 (Jianc

Chen+ 2010) + 6 (Jeong+ 2012)

Name Other Name Type? Evidence® Reference® Group” y-ray detection®(Reference’
GO.0+0.0 Sor A East TC OH maser, CS MA & LB, H, 1.2,3,4,5 Y HESS(67)
G1.05-0.1 Sgr D SNR S OH maser 2,6 Y RY! conﬁrmed
G1.4-0.1 S OH maser 2,6 Y
G5.4-1.2 Milne 56 c? OH maser 7 Y
G5.7-0.0 ? OH maser 7 Y HESS(68)
G6.4-0.1 W28 TC OH maser, CO MA & LB, H; MA, NIR 2,8,0,10 Y EGRET(69), HESS(68) . .
GR.7-0.1 W10 TC OH maser 7 Y HESS(70) C .
G9.7-0.0 S OH maser 7 Y rlterlons °
G16.7+0.1 C OH maser, CO MA 2,11,12 Y
G18.8+0.3 Kes 67 S CO MA & LB, CO ratio 13, 14 Y 1
G21.8-0.6 Kes 69 TC OH maser, CO MA & LB, HCO', H, 2,11, 15, 16 Y :
G29.7-0.3 Kes 75 C COMA & LB 17 Y
G31.9+0.0 3C 391 TC  OH maser, molecular MA & LB, Ha, NIR 2,18, 19,20 Y 2 Molecular line broadening (LB)
G32.8-0.1 Kes 78 S OH maser 21 Y -
G34.7-0.4 W44 TC OH maser, molecular LB, H, MA, 2.8, 10, Y EGRET(69) . . .
NIR, CO ratio 22 3.High line ratio, e.g. CO2-/CO1-0

G39.2-0.3 3C 396 C H: & NIR MA, CO MA & LB 16, 23,24 Y
G41.1-0.3 3C 397 TC COMA & LB 25 Y . . .
G49.2-0.7 W51 TC OH maser, CO MA & LB, HCO* LB 211,26 Y HESS(71), Milagro(72) 4 NIR [F CH] 5 vibrational /rotational H2
G54.4-03 HC40 S CO MA & LB, IR MA 27,28 Y
GRI.0+4.7 HB21 TC CO MA & LB, CO ratio, H,, NIR 29, 30, 31 Y . .
G109.1-1.0 CTB 109 S COMA&LB 32 Y S.SpeCIﬁC (SpltZCI‘) IR colors
G189.1+3.0 IC 443 TC OH maser, CO ratio, Hz, 2,8, 22,33 Y EGRET(69), MAGIC(73)

molecular MA & LB 34, 35 Milagro(72), VERITAS(74

el 6.Morphology agreement (MA) of
G304.6+0.1 Kes 17 S Ha, IR MA & colors 16, 28 Y .
G332.4-0.4 RCW 103 S IR MA & colors, NIR, Hz & HCOt MA 28, 36, 37 Y Sp atlal features
G337.0-0.1 CTB 33 S OH maser 18 Y
G337.8-0.1 Kes 41 S OH maser 21 Y
G346.6-0.2 S OH maser, Ha, IR colors 21, 16, 28 Y
G347.3-0.5 57 COMA & LB 38 Y CANGAROO(76)
HESS(77), Fermi(78)
G348.5-0.0 57 OH maser, Hz, IR MA 2,16,28 Y
G348.5+0.1 CTB 37A S OH maser, CO MA 2,12, 18 Y HESS(79)
G349.7+0.2 S OH maser, CO MA & LB, CO ratio, 2,18, 13, Y
Ha, IR MA 16, 28

G357.7+0.3 Square Nebula S OH maser 2,6 Y
G357.7-0.1 MSH 17-39 TC OH maser, CO & Hy MA 2,18,39 Y
G359.1-0.5 TC OH maser, CO & H, MA 2,40, 41,42 Y HESS(80)




MCs as probes of CRs

1. For Ep> 280 MeV: 2. For Ep< 280 MeV:

p-p hadronic process Ionization by CRs

Proton

After collision




Chemical effect of CRs

Main channels:

H, (by p) > H,* + e
H2++H2—)H3++H

CO + H3* - HCO* + H,
HCO (by p) > HCO* + e




Very broad HCO+ line width
I(HCO*)/I(CO)~1.1+0.4 (B) &
0.70+ 0.16(C),

significantly larger than that in
typical MCs (<~1072)

CR induced?

Narrow HCO+ line, but
I(HCO*)/I(€0O)>0.2 (D) also very
high

X-ray dissociation




X(HCO*)/X(CO)

CR ionization in the shocked MC (W49B)

(ZhOU+ 22) 107
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Main channels: - -
HCO —» HCO* + e- B |
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-23°10'

CR ionization in the shocked MC (W28)
=R

sl d (Tu, Chen+ 24)
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neutronstar

260

140
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40

Heger+2003
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(Credit: Fu, Lei)

SNR-NS associations

1 |PSRJ P P_dot ASSOC Age B_suf  SNR age(yr)
2 1J0007+7303 0.315873192"5 60550E-13 GRS:1FGL_J0007.0+7303 XRS-RX_J" 39e+04 " 08e+13 5k-15k
3 J0205+6449 0. 065?15928'1 93754256E-13  SNR-3C58,GRS 1FGL_ 0205 5+a449['é 3?e+03 ? 61e+12 830-Tk
4 3.04 1 XRS:5G [ 3 77.32e414 5k-10k
5 1 J0534+2200 0.033084716"4 2276513 SNR:Crab_PVWh[ccl+ BJ] GRS: 1FGL % 24e+03 % 78e+12
6 |J0537-6910 00161222226 1784338E-14  EXGAL-LMC SMR:N157B "1 93e+03 B 25e+11 <6k
7 |J0538+2817 01431582595 6694515E-15  SNR:S147[acj+96] 6.18e+05 7.33e+11 20k-100k
8 |J0540-6919 0.050498518 " 76924621E-13  EXGALLMC SNR:0540-693 M 67e+03 4 98e+12 760-1660
9 |J0633+0632 0.297395191"7.9592E-14 GRS:1FGL_J0633.7+0632 XRS:Swift 5.92e+04 4.92e+12 *
10 |J0659+1414 0.384891195 "5 500309E-14 SNR:Monogem_Ring[tbb+03].GRS: 11112405 1 66e+12 86k
r | r
11 1J0821-4300 0.112799437 1.2E-15 SNR:PUPPIS_A XRS:RX_J0822-430149e+06 3.72e+11 37k
r r r
12 1J0835-4510 0.089328385 1.25008E-13 SNR:Vela, GRS AFGL_J0835.3-4510[:1.13e+04 3.38e+12 11k-12.3k
13 |J0855-4644 0.064686131"7 26269E-15 SNR:RX_J0852.0-4622(7)[rm05] M 41e+05 B.94e+11 1.7k-4.3k
14 |J1016-5857 0.107386458 '5.08342E-14 SNR:G284.3-1.8(7) 2 1e+04 "2.98e+12 10k
15 |J1119-6127 0.407962984 " 0202200E-12 | SNR:G292.2-0 5[cgk+01] M E1e+03 M 10413 3k
16 |J1124-5916 0.135476854 "7 52666E-13 SNR:G292.0+1.8, GRS 1FGL_J1124 ¢2.03e+04 M. 02e+13 2.7k-3.7k
r r r
17 J1210-5226 0424130749 6.6E-17 SNR:G296.5+10.0:-XRS:1E_1207 4-51.02e+08 1.6%e+11 10k
18 |J1341-6220 0.1933397462 53107E-13 SNR:G308.8-0.1[cks+92] M 21e+04 7 08e+12 325k
19 J1437-5959 0_051595123'8_58?0515 SMR:G315.9-0.0 ’1_14e+05 7_3?e+11 22k
20 [J1513-5908 0. 15-05;?5 1 1 §3652913E-12  SNR:G320.4-1.2(MSH 15- 52] GRS: 1F1 85e+03 1o4e 13 BH-EDR
21 |J1550-5418 2 02/ 318E-11 RS:1E_ SMR:G 1e+03 M 220414
22 | J1632-4818 0. 813452834’5 50425E-13 '1 sae+04 'E 33e+13 *
23 |1635-4735 2 594578 ! 0-0.1(* .
24 |J1646-4346 0.231603329 M 12753E-13 SNR G341 240, 9('?}[fgw94] B.26e+04 B ATes12 *
25 |J1709-4429 0.102459246 "3.298454E-14 SNR:G343.1-2.3(?)[mop93].GRSHES . 75e+04 3.12e412 5k
26 |J1726-3530 1.110132444 " 216751E-12 SNR:G352.2-0.1(?)[mbc+02] M 450404 3720413 ¢
27 | J1747-2809 0.052152865 " 555TE-13 XRS:CXOU_J174722 8-280915 SNR-% 312+03 "2 88e+12 1k-Tk
28 | J1801-2451 0.124924207 " 279057E-13 SNR:G5 4-1.2[k91] XRS:PWN[kggl0 ™ 55e+04 "4 04e+12 14k
29 J1801-2304 0.41582709™ 1293023613 SNR:W28(?)[flkv93] % 83e+04 6.93e+12 35k-150k(424
0. 13355592 1 343593T5E 13 SNR:GS.?—U.1( )[kw30].GRS:J1804-2 "M 58e+04 T 292412 15|-< 39k
0 ¥e 49E- (W31),5GR_ 21872 06e+15 | 3k-10k
32 J18[]9 2332 0. 145?88548'3442an 14 GRS: 1FGL 11809 82332 XRS-CXOU 76e+04 % 27e+12 10k-100k
33 J1811-1925 0.064667 "4 40E-14 SNR:G11.2-0.3 % .33e+04 " .T1e+12 1.6k(AD3867
34 | J1813-1749 0.044699298 " 5E-13 SNR:12.8-0.0,GRS:HESS J1813-178% 6e+03 "2 65e+12 285-2 5k
35 1J1833-1034 0.061865672"2.02025¢- 13 SNR G215-0. 9[gmga[]5] SN: EIC48[WI4 85e+03 ? 58e+12 200-1k
J1841-0456 11 A 70E-1 F7.34e+14 50
38 |J1846-0258 n.325584249"r.na330E-12 SNR:Kes75.XRS:PWN[hcg03] ?2351.859—.13 0.9k-4.3k
39 |J1850-0006 2191497968 4.32E-15 SNR:G32.45+0.1(7) B.04e+06 . 11e412 *
40 |J1852+0040 0.104912611"8.68E-18 SNR:KesT9.XRS:CXOU J185238.6+(".92e+08 "3.05e+10 3k-7.8k
41 J1856+0113 0.26743961".083598E-13 SMHR:W44 XRS:PWHN[pks02] 2.03e+04 "7 55¢412 Tk.5k
42 | J1907+0602 u_mssszms'é_sazualz-m GRS:1FGL_J190?.9+0602‘SNR:G40_'1_959+04 ’3_nae+12 20k-40k
43 |1 g 1 7 11 i 8+ 1 05e+03 6.42e+14 155k
44 1J1930+1852 01368550477 5057E-13 SNR:G54.1+0.3 XRS '2 89e+03 M.03e+13 2.5k-3.3k
45 |J1952+3252 0.039531193'%5.844B03E-15 SNR:CTB80,GRS:-1FGL_J1952.9+3241.07e+05 " 86e+11 7Tk
46 |J1957+2831 0.307682865 "3.10989E-15 SNR:G65.1+0.6[tI06] M 57e+06 M.9e+11  44k-140k
47 J2021+4026 0.265317661"5 4682E-14 GRS:1FGL_J2021.5+4026 SNR:G78.77.69e+04 "3 85e+12 4k-Tk
48 |J2022+3842 0.024287756".3192E-14 XRS:CXOU_J202221 68+384214.8,518 91e+03 " .04e+12 8k
49 |J2229+6114 0. 0515235?4'? 827E-14 SNR:G106.6+2.9.GRS:1FGL_J2229 (7. 05e+04 B, 039+12 10k
50 |J2301+585 3 f 13 SNR (RS:1E 225914586 [2.28e+0 +13 |6.7k-21k
81l mwmm _naqmsqaﬁaﬂ 934498F-13 SHR-G114 340 AUk 931 "4 0Re+04 'q 912412 10k-100k

200 B
180}
16,0
140}
120}
37:11:100 |
080

Red: radio
Blue: X-ray

20:16:09.0 08 &

098 09 4

(Matheson+13)

Latest discovered association: the 51ms pulsar
in CTB87, discovered with FAST
(Liu, Zhang, Chen+24)



Pulsars

\ Docal (NASA) artist

" Region of ™

£ cloesed magnetic >
e \

Pulsars are neutron stars

with active magnetospheres
populated by ultra-relativistic
particles emitting non-thermal
radiation (synchrotron,
curvature, inverse Compton).

field / lines
,

/ / Power Source: NS rotation - E
wds Gamma h s -
rays Emitted fraction of E
<0.001% - radio
o0okm ~(0.01-10% - X-rays and gamma-rays

the rest is pulsar wind !

Harding 2009



Pulsar wind nebula (PWN)

Magnetized particle wind: e+, e-

b

Interstellar Supernova
material blast wave

"|
&= b=
=18

|
~ s
IRL®

=11
41
L=1 |

Hot

Ejecta

1 arcmin

Gaensler & Slane 2006

Termination shock: Ry =[E/(4rnaC Ppyy)]1Y/2



. b The “Crab”

Radio (NRAO) Optical (ESO)

Magnetization parameter:

}?E><B E?E
0= = 5
I3 particle dmpyc-
0 1

Particle dominated wind,
c d with y ~ 106

Composite (CXC) X-ray (CXC) Kennel & Coroniti 1984

Toroidal wisps

Inner ring

20 arcsec



Torus+jets structure

Radio (NRAO)

3C58 (Gaensler & Slane 06)

X-ray (Chandra)




Number of objects

12

10

Spectr'al indices

" PWNe in shells
Isolated PWNe

S, &< v ®in radio,
for N=39 (26 composites,
13 plerions)

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 Unknown
Spectral index



Synchrotron loss
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Seward-Wa ng Relatlon

w2 wnEEx 1937-2017

36

34

o
M
|

log Ly -erg g

30 st
1337

28

Seward & Wang (1988)

| | 1 |
iz 34 36 38
log E - erg s~

...... 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)

—— ——r
This Work

Becker & Truemper (1997)

Possenti et al. (2002)
Cheng et al. (2004)

Saito (1998) /’-J’"&f

L

X, pst

34 36 38
lg Edot (ergs s77)

_ 1042437 j1.0£0.1

33

~ _._._._ Becker & Truemper (1997) _
T Saite (1998) =
.......... Possenti et al. (2002) P

This Work _

L

34 39 56 57 53
lg Edot (ergs s 1)

—14.6 :
10 14.)i6.0E1.3i0.2

X, pwn

The more energetic pulsars intend to release a
bigger fraction of their spin-down power 1n their
PWNe.

Li, Lu & Li 2008, ApJ 682, 1166



Evolution of PWNe
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Evolution of PWNe
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PSR escapes from
radio relic PWN
left behind
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Evolution of PWNe
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Transition to bow shock
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Guitar nebula

Evolution of PWNe

PSR B1957+20 (recycled "black widow’)

Chatterjee & C062
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Gaensler+ 2004



Supersonic PWN

# Pulsar Associated Object(s) d logE logT By vy
kpe ergs™ ' yrs 10" G km s7!
1 J0537-6910* SNR N157 49.7 3868 3.69 9.25
2 B1951+32 SNR CTB 80 3 36.57 503 4.86 460
3 J1826-1256 HESS J1825-137 ~ 39" 3656 4.16 37
4 B1706-44 SNR G343.1-2.3 2.6 36.53 424 312 < 100
5 B1757-24 SNR G5.27-0.9, Duck PWN 3.8 3641 419 404 198
6 J1747-2958 Mouse PWN 5 36.40 441 249 306 1+ 43
7 J1135-6055 ... ~2.8° 3632 436 305 < 330
8 J1437-5959 SNR G315.9-0.0, Frying Pan PWN 8 36.15 5.06 7.37 ~ 300
9 J1101-6101 Lighthouse Nebula, SNR G290.1-0.8 ~7° 36.13 506 7.24 ~2000
10 J1509-5850 ... 4 3571 519 9.14 200 — 600
11 B0906-49 1 35.69 5.05 129 ~ 60
12 B1853+01* SNR W44 33 3563 431 755  4007iL
13 B0740-28 2 3528 5.2 16.9 275°
14 B1957+20 the Black Widow pulsar 1.73 3520 9.18 0.002 ~ 220
15 J0538+2817 SNR S147 1.39% 3469 579 7.33 35?’:?‘
16 B0355+54 Mushroom PWN 1.047 34.66 5.75 8.39 61:;,‘
17 J0633+1746 Geminga PWN 0.257  34.51 553 16.3 ~200
18 J2030+4415 ~1" 3446 574 123
19 J1741-2054 0.3 3397 559 268 155
20 J2124-3358 ... 041 33.83 9.58 0.003 75°
21 J0357+3205 Morla PWN 0.5 3377 573 243 ~2000
22 J0437-4715 . 0.156" 33.74 9.2 0.006 104.7=09
23 J2055+2539* ... ~0.6° 3369 609 11.6 < 2300
24 B1020+10 ... 0.36° 33.59 6.49 518 177}
25 B2224+65 Guitar Nebula 1.88  33.07 6.05 26 1626
26 .. SNR 1C443* 1.4 ~ 250
27 . SNR MSH 15-56, G326.3-1.8 4 100400
28 . (G327.1-1.1, Snail PWN 7 ~ 500

Kargaltsev+1708.00456



Y (pe)

0.2

0.1

-0.1

-0.2

Bow shock

Balance of ram pressure/ momentum fluxes

2
o . oV
jo sin? a; —j,, sin? a, = —Rt ,
1d .,
jo sin oy COS oy + j,, SIN a5 COS 0ty = — s (ovf y)
y ds

jO = pO Ui and‘ jw = MUW/(4TCT2)

1| 1o Cartesian (Chen+ 1996) : E/(4nre)
3 3
1 = Z R
S l=g5m T g

Polar (Wilkin 1996) :
R(6) = R, csc H\E(l — 6 cot 0)

X (pe)

" (Gaensler + 2004)



Pulsar (TeV) halos

pulsar

velocity
D

ISM density
gradient

(in all 3 panels)

Stage 1 (t < 10 kyr)
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~——
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N~ N Qi S
e pulsar 4 tLe
pulsar wind :
O term. shock T -
pulsar wind SNR
nebula | SM 3
o >10 TeV e
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" (Giacinti+2020)




Vela PWN, Pulsar halo

1-100 GeV
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Vela pulsar halo

(Bao+ 2019)
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Extended radio nebula

(Bao & Chen 2019)
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