Pulsar Wind Nebulae
High-Energy emission
and Diversity
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PWN=Pulsar Wind Nebula, also known as “plerion”:
from the Greek word "mA\npnc" ("pleres") meaning “full”—
a term coined by Weiler & Panagia (1978)

K.W. Weiler:
03/1943-04/2016

PWN

From Wikipedia, the free encyclopedia

PWN may refer to:

e Pwn, an Internet slang term meaning to "own" someone or something

o - Qg 1 = ifi
» Patras Wireless Network, a wireless community network, operating in Patras, Greece

« Phrack World News, a service of Phrack magazine

« Pro Wrestling Noah, pro wrestling promotion

« Pulsar wind nebula, an astronomical phenomenon

« Person with narcolepsy, As abbreviated by Narcolepsy chat and support groups
« Gaming-pwnage, slang for beating someone at video games




® As of 2016/06, we know of 379 Galactic SNRs™***

® Out of these, | |0 (~30%) contain PWNe or candidates
® 90/110 (81%) are Chandra detected
m 53/110 (48%) lack shells (including Crab):“naked PWNe”

including ~12 bow shock nebulae

e 70/110 (64%) are powered by detected pulsars

® Out of the 78 Galactic TeV known sources, 38 are
identified as PWNe or PWN candidate sources (e.g.
H.E.S.S. Collaboration; Carrigan+ 1 3)

‘/ Fermi-LAT: 5 confirmed PWNe + || candidates

* k%

SNRcat: High-Energy SNRs catalogue:

(Acero et al. 201 3) http://www.physics.umanitoba.ca/snr/
SNRcat
; ; F d & Safi-Harb 2012
See Ryan Chaves talk (HGPS) and Grondin/M.Lemoine- updcizg’;n ZOIC;ﬁW,.tZrPWN Joto

Goumard (Fermi-LAT), A. Weinstein (VERITAS)
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Chandra: New/Sharp Eyes on PWNe
Jets and torii See B. Olmi's Talk

22 2| & CJ L 4| & 5

Kargaltsev & Pavlov’08




al Index Maps=

2.5
Photon Index

Chandra (0.5-10 keV ]
Mori et al. 2004 E

Illlllllllllllllll I T T 1

NuSTAR (3-78 keV)

XMM (0.5-10 keV) Madsen et al. 2015
Willingale et al. 2001

prediction based on
KC84 (Reynolds’'03)

T Lo 1. a1 Slapg atal, 2002, |

T 0 =20 40 80 B8O
Svynchrotron surface brightness Map of the photon index I Radius (arcsec)

100



Bow-Shock PWNe (tails and trails):
. supersonicgsllz movigg PSRs
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Bow-Shock PWNe (tails and trails):
supersonically moving PSRs

.| -
P ' , : see Puhlhofer’s and
L ‘ ‘ Green’s talks

Lighthouse nebula (Guitar-twin):
The longest ‘jet’ associated with a PWN?
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Pulsar Wind Nebulae
Why Bother? Pulsar Pathtinders
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o ’/Pathfinders for Pulsar Discovery!
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Pulsar Wind Nebulae

Why Bother? Particle Accelerators and Cosmic Pevatrons!

Supernova
Interstellar Material Blast Wave
and Swept-up

Massive Stellar Cluster

Unidentified SNR Shell

H.E.S.S. Collaboration
(Carrigan+13)
based on TeVCat data

Gaensler & Slane 2006

Seed the Galaxy with and
e Efficient Engines for up to TeV energies



Pulsar

R,0,X
Y: MeV/GeV; TeV (?)

Cosmic Pevatrons!

Unshocked
_Wind Energy flux

Only ¥: GeV or TeV
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" Energy
CRAB NEBULA https://en.wikipedia.org/wiki/Crab_Nebula
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Cosmic Pevatrons!
Kargaltsev & Pavlov 2010

X—ray PWNe

: TeV PWNe and PWN candidotes

_ Inverse Compton
_! """ ~ 1 <0.5 scattering

"""" r-152 r-25
Xrays

yrays

" Energy

CRAB NEBULA https:/en.wikipedia.org/wiki/Crab_Nebulg
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free expansion reverse shock interaction relic

(om0

(adapted from Klepser+HESS team, 2015)
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* Probes for studying their <o/ tion and their (nicraction of their
relativistic winds with the surrounding: SN ejecta, CSM/ISM, etc.
(Evolution to be covered by Tea Temim)
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e\ population Study of PWNe

® PWNe: The most abundant class of TeV sources!

® Fading with Time (?) Expanding with time
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e\ population Study of PWNe

® PWNe: The most abundant class of TeV sources!

® Fading with Time (?) Expanding with time
- H.E.S.S. preliminary . Prev. associated
Cand. (this work) )
| ¢ oOutside GPS for X-ray size
_ -|—— Varied Model (this work)
é I
2, EI E
) Warmng The char. age of the system should NOT be taken at face
- value (see SNRcat and POSTER Rogers & SSH)
[= 10 - Cand. (this work) -
= i $  Outside GPS -
107t I Limits g "
! I Uncontained Limits #
10%[ — Varied Model (this work) ] 10° | .
S REEEE Approx threshold at 6.5 kpc 1 : H. E S S. pre“mmary
sy T TS 37 38 n30 ¥ S N A —
10 -10 10 110 10 10° 10 10 103
Spin-down Power £ [erg s™'] Characteristic age 7. [kyr]

Klepser, HESS team, 2015 ICRC



Interstellar Material

Rotation-powered
(classical)

Supersonic

(bow-shock nebulage)
Magnetically

Powered(magnetar wind
nebula, MWN)?

best resolved with Chandra!
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Swift J1834.9-0846/W41(?)
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(6 HBPs + | RRAT,

PSR B PWN Photon L
PP | Eor | D0 | | o] Ret

properties | Gonzalez & SSH
6”’x15” 1.1 similar to 2003
1119-6127 4.] | 2.3E+36 . 5E-04 : SSH & Kumar
J 207 jer | 14+ R s
gamma~1-2.5)
J |846-0258 g ~1.9 s . Kumar & SSH
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Interstellar Material

L%,
| e, )

Has the reverse shock
crushed the PWN?
= |s the PWN expanding into an
inhomogenous medium?

enlightened by combined
gamma-+radio observations

A e
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(see Tea Temim's talk)
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Matheson, SSH, Kothes+ 16 (in press)
Kothes, SSH et al. (in prep)
20.0 100 19:48:000 500  47:40.0 Matheson, SSH & Kothes 2013

RIGHT ASCENSION {J2000)

G63.7+1.1: A PWN interacting with G74.9+1.2:A Relic/Evolved PWN?
a molecular cloud??

N, = 1.6 (1.1-2.1) x 1022 cm-2
M=1.8(1.4-2.2)

NH=1.38 (1.21-1.57)x1022 cm2
r=1.7(1.5-1.8)

Chandra (and XMM) led to the discovery of
very low-luminosity, “offset”, evolved (10’s kyr-old) X-ray nebulae



CGPS-1420 MHz Chandra (2-10 keV) VERITAS > 600 GeV

X-ray XMM
0.5-6 keV

Y-ray
centroid

B2013+370

. R

HESS/Acero/Temim et al.

6 arcmin 2FGL J2015.6+3709

Aliu/VERITAS team 2014



Radio Images
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* Roughly annular morphologies (highly polarized) with inner/outer radii of ~ 1’/10°

* Their non-thermal flux falls off away from centre, implying a central engine (not limb-brightened)
» Radio spectrum too steep for a plerion, a = 0.6, more typical of shells

» Low-frequency (radio) spectral break

* |n polarized emission, strong axisymmetry and double-lobed morphology
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Interstellar Material

SN progenitor/
explosion energy

L N

ST lsar study of SN ejecta, and shell when detected
e 7

L




BRIGHT THERMAL X-RAY EMISSION FROM SNR SHELL

NO SHELL
PSR1509-58/RCW89 &, MSH11-54
G76.9 . N
s
;" : .

-
Arzoumanian et al. 2011 f.7_25 keV NUSTAR ;' - ' : }. ' ‘ ’
~ 0.5-2 keV CXO . \j;'i‘ R
2-4 keV CXO . - NASA/CXC/%O/ParkeS etal.
NASA/JPL-Caltech/McGill N .
WEAK THERMAL X-RAY EMISSION (shell/ejecta??) WEARTOUUINONAERMAIIAS
RAY EMISSION (shell??)
3C58 .l . G21.5
- ‘ . ® : s "
s e
& NGRS N 4
- # S . .

Slane et al.

Lu et al. :
S R TENOTTR “Matheson & SSH




Mar. 1943-Apr. 2016

The SNR shell in the Crab and other PWNe is still missing,
despite deep searches!

“The reason for presence (in PS—plerion shell or composite SNRS)
or lack (in PP—pure plerionic SNRs) of a shell has not been resolved.
Weiler (1985a) suggests that it is due to a more tenuous ISM surrounding the
pure plerions, leading to lack of formation or formation of an undetectably faint shell”




The Crab Progenitor

Nature 299, 803 - 805 (28 October 1982); doi:10.1038/29980320 The SNR She” |S St'” m|SS|ng

letters to nature

1982
The Crab Nebula's progenitor

KEN'ICHI NOMOTO', WARREN M. SPARKST, ROBERT A. FESEN?, THEODORE R. GULL¥, S. MIYAJI* & D. SUGIMOTO®

despite deep searches!

"Department of Eartn Science and Astronomy, University of Tokyo, Coliege of General Education, 3-8-1 Komaba, Meguro, Tokyo 153, Japan
tGmup X-5, Mall Stop F663, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
*Laboratory for Astronomy and Solar Physics, Goddard Space Flight Center, Greenbelt, Maryland 20771, USA

The study of supernovae is hampered by an insufficient knowledge of the initial stellar mass for individual supernova. Because of large uncertainties in estimating
both the total mass of a remnant (including the pulsar or black hole) and any mass loss during the pre-supernova stages, the main sequence mass of the
progenitor cannot be accurately determined from observations alone. To calculate an initial mass, one must rely on a combination of both theory and observation.
Limits on the progenitor's mass range can be estimated by the presence of a compact remnant and comparison of the observed nebular chemical abundances with
detailed evolutionary calculations!. The Crab Nebula is an excellent choice for investigation because it contains a unique combination of characteristics: a central
neutron star (pulsar) and a bright, well studied nebula having little or no swept-up interstellar material. In fact, several studies'* have suggested an initial mass
of ~10M ¢ for the Crab progenitor. Recently, Davidson ef al. S quoting two of us (K.N. and W.M.S.), state that the Crab's progenitor had a mass slightly larger
than 8 M ©, Here we presenmﬂ the reasoning behind this statement and suggest the explosion mechanism.

Chevalier 2005: Type IIP

Mon. Not. R. Astron. Soc. 000, [}-77 (2002) Printed 5 June 2013 (MN IXTEX style file v2.2)

2013

The Crab Nebula and the class of Type IIn-P supernovae
caused by sub-energetic electron capture explosions

Nathan Smith* see also Yang & Chevalier 2015

Steward Observatory, 933 N. Cherry Ave., Tucson, AZ 85721, USA low E SN ~1e50 ergS!
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c) SN 1054 - reaching end of plateau

a) SN progenitor

swept up
DS

Smith 2013

Initial mass: 8-10 solar masses

« .5 Mo expanding at ~1200 km s—1, K.E. only 7x1049 ergs.

e Yet SN1054 was very bright (compared to normal SNe |I-P and
llb, with a peak absolute visual magnitude of ~ —18); but see
Yang and Chevalier (2015)

 SNe lIn: dominated by intense CSM interaction, which sweeps
up most of the mass into a cold dense shell (CDS) that col-
lapses as a result of radiative cooling. see Talk by Bientenholz



Very Weak Thermal X-ray Emission from the

{i 17 D
Naked” PWNe
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s Gotthelf et al. 2007 (XMM) 3C58
| (also Slane et al with Chandra)
& [ 5
55:00.0 ;
« | :
—~ ]
S
\ S . ]
18:50:00.0 S3F o
G54.1+0.3] S . }
(XMM) Q[ 1
45:00.0 o [ d
i °V' .
V
(o -
19:00:00.0 1 1. 1.... poa g W .o, i
02"06™20° 06™00° 40° 20° 05™00° 40°
R. A. (J2000)
55:00.0
ejecta or shocked ISM/CSM?
18:50:00.0 | H-rich spectra
G54.1+0.3] Weak C/ISM interaction:
(Suzaku) | Type IIP? (Chevalier+05)
45:00.0 15-20 solar masses

31:000  40.0 200 19:30:00.0 (see also Gelfand +15)
—



(D

Very Weak Thermal X-ray Emission from th

1 _ S ) D
Naked” PWNe
I
—~ 5F EON ABUNDANCE 3 T T T T e
Q :_ _: . ._ -1
z | 8 [ Gotthelf etal. 2007 (XMM)  3C58
o 3E I e el — 3 [ (also Slane et al with Chandra) ]
Ea 2 E_ _E ~ [ )
: [ T— | PRSI B ] © |
T T T T [ T T T T I T T T [ T 4
~ | PLASMA TEMPERATURE w [ 5
2 025 [ © 1
g% :
= 0.2 | 5 f ;
—— e T o b ;
3 F POWER—-LAW INDEX |— ¥ ]
. 25 F ' . © [ ]
C N ° 1
2 1@ ]
- 1 1 1 1 l 1 1 L L l 1 1 1 1 J L2 =
0 1 2 3
RAD]US (ARCM]N) 3C58 : gl 5 g g%, )i gy o NI B, GRIREE o g BE Np g o TRNRERE L fah g ;

02"06™20° 06™00° 40° 20° 05™00° 40°

R. A. (J2000)
55:00.0 [ T
ejecta or shocked ISM/CSM?
18:50:00.0 St H-rich spectra

G54.1+0.3]
(Suzaku) |

45:00.0 SR S

Weak C/ISM interaction:
Type [IP? (Chevalier+05)
¥ | 15-20 solar masses

31:00.0 40.0 200  19:30:00.0 (see also Gelfand +15)

| S
) B £
1

1

.................




Type IIP?

(e.g. Bocchino+05, Matheson & SSH 10)

s

Highly

Energetic -
. and Young

Pulsar

PSR J833-1034: :
P=61.86 ms CXO .Cal ibration‘target

B=3.6el2 G
Edot=3.3e37 erg/s Matheson & SSH 2010

Gupta et al. 2005
Camilo et al. 2006




. May Chandra, XMM-Newton, NUSTAR T
+ Chandra (2030?!




Hitomi’s launch on Feb. 17

Progenitor Studies: Thermal X-ray emission

" Sensitive and High-resolution X-ray spectroscopy

0
ASTRO-H (Hitomi) as a pathfinder for ATHENA

m @Power of X-ray Spectroscopy however proven with first light SXS data (Takahashi+ | 6, Nature)

100 ks simulation with ASTRO-H to study the thermal plasma=>progenitor

normalized counts s' keV
normalized counts s' keV!

Energy (keV) ' Energy (keV)




Other _.
Binary

PWN’) Massive Stellar Cluster
Unidentified

SNR Shell

H.E.S.S. Collaboration
(Carrignan+13)
based on TeV/Cat data

* Unveiling the nature of many unlD gamma-ray sources and
completing the census (particle acceleration and evolution):
Non-thermal X-ray emission:

" High throughput with (sub-)arcsecond resolution (e.g. ATHENA and the X-ray Surveyer)

" synergy with the Cherenkov Telescope Array and Square Kilometer Array Pathfinders




i [names context [SN_ |age distance type
Sgr A East, CXOGC J174545.5- contains CXOGC J17454.
285529, 1FGL J1745.6-2900c, 2FGL 285829 = the Cannonba an]
GO00.0+00.0 J1745.6-2858, 1FHL J1745.6-2900, candidate and possibly PWN, 1200 - 10000 yr 8 kpc o_“ﬁ“ oalin
3FGL J1745.6-2858¢c, HESS J1745-  close to BH Sgr A®, interacts with e
250 molecular cloud
GO0.13-0.12, 1FGL J1746.4-2845¢, W an4 thermal &
G000.1-00.1  2FGLJ1746.6-2651c, IFHL J1746.3- Coniains PWN GD",J;U' M plerionic
2851, 3FGL J1746.3-2851c el B LR RN composite?
. 47 contains PSR J1747-2808 + PWN 1900 yr 8.5-10kpe plerionic
G000.9+00.1  HESS J1747-261 GO.87+0.08 PSR: 5000 yr PSR: 13kpc  composte
ine 56. G5.2-4.0. G5.27 offset PSR J1801-2451 = B1757- o
G005.4-01.2 2 h'"B:;.i%#‘c h G220, 2F6L 94 - the Duck + PWN G5.27-08, PSR: 15488 yr F.’.&:‘:R'b’.zk:’zc Elc?:og'scre"
=5 & 5 interacts with molecular cloud Vo P
OFGL J1742.1-2054, 1FGL J1741.6- 2, 2 LT
G006.4+04.9 2101, 2FGL J1741.9-2054, 3FGL  Sow Ehock PWN and PSR J174 PSR: 386000 yr PSR:03kpc  filed-centrs
J1741.9-2054 54
CXOU J180850.2-233223, OFGL thermal &
G007 501,72 J1809.5-2331, 1FGL J1809.8-2332, contains PWN G7.4-2.0 = Taz, 50000 yr 1.7 -2 kpe larionic
L " T 2FGL J1809.8-2332, 1FHL J1806.8- close to PSR J1809-2332 PSR: 22908 yr PSR: 2 kpe 2&"\ o's‘e
2329, 3FGL J1809.8-2352 e
(W30), GE.6-0.4, CXOU J180351.4-
213707, CXOU J180432.4-214009,
CXOU J180441.9-214224, Suzaku inside W30 complex, PSR J1803-
J1804-2142 and J1804-2140, OFGL 2137 = 81800-21 and PW!| 15000 - 28000 yr 32- thermal &
GOOB.7-00.1 J1805.3-2138, 1FGL J1805.2-2137c  GB.40+0.15 &t the edge, close to PSR: 15800 yr PSR: 4 Koo plerionic
and J1806.8-2108¢, 2FGL J1805.6- new SNR G8.3-0.0, interacts with S ALY d o composite?
2136e, 1FHL J1805.6-2136e, 3FGL mabecular cloud
J1805.6-21366, 1AGL J1805-2143,
HESS J1804-216
G10.93-45.44, 1FGL J2124.7-3358, = W
G010.9-45.4  2FGLJ2124.6-3357. 3FGLJ2124.7- V) 4“339,-32"'5' 43 and PSR PSR: 3801884000 yr PSR:0.25kpc  filed-centrs
3358 i
PWN G11.09+0.08, close to SNR
i , G11.2-0.3 with PSR J1811-1925 = A | ‘t f bl k b
G011.1+00.1  jede J-?S.E.;:?;fLJ.Bw.'-!Qw. the Turtle + PWN G11.18-0.35 and O O aC Oxes
; X : PSR J1808-1817, close to PSR
J1808-1943
contains PSR J1811-1925 = the
Turtle + PWN G11.18-0.35, close 1400 - 2400 yr
% : SFGL J1811.3-1927c, HESS J1809-  to SNR G11.1-1.0 with PSR ans 2y B 500 vr 5-10 kpc plerionic
GoiEazaaet oy J1800-1917 + PWN G11.00+0.08, 0677 FSR: 2380047 PSR:5koc  composite
ciose to PSR J1809-1943, gt
interacts watn maecularcloud
s ¥ 3 close to W33 complex, contains
_ W33,G1282.0.02,G:2.83.0.02. AX'  pop 148131749 + PWN G12.82- 1200 yr = 4 koo plerionic
G012:8=00.6. | J1815-128, OCGE J1614.5-1739, U.02, 2i8racis wiih 06050 PSR: 5000 yr PSR:4.7kpc  composite
1AGL J1815-1732, HESS J1813-178 Rt Al P
: e G16.23+0.08 contains PWN G16.73+0.08, plerionic
P Az interacts with molecular cloud 2100 yr 10- 14 kpc composite
Turkey, 1FGL J1821.1-1425¢ and
J1825.7-1410c, 2FGL J1826.1-1256  (bow shock?) PWN G18.00-0.68 flled-
G016.0-00.7 and J1624.5-1351e, 1FHL J1824.5- Turkey and PSR J1626-1334 = PSR: 21400 yr PSR: 4 kpc oe:;re'>
13516, 3FGL J1824.5-1351e, 1AGL  B1823-13 :
J1827-1227, HESS J1825-137
Eel, AX J1626.1-1257, 0FGL J1825.9- Lo cvae o 4
G018.5-00.4 1256, 1FGLJ1826.1-1256, 2FGL v C18:5-0.4 = the Eel and PSR: 14400 yr PSR:7koc  filled<centre
J1826.1-1256, 3FGL J1826.1-1256 SRR
14 G18.04-4.04 contains PWN and PSR candidate
G016.9-01.1 J,329‘7_f3;,}4 v 3FGL CXOU J182913.1-125113 2 kpc ngog'sc‘e
EEL- interacts with molecular cloud?? e
G20.02-0.14, 1FGL J1827.6-1128¢,
G020.0-00.2 2FGL J1828 3-1124¢c, 3FGL J1628.4- contains PWN? 4.5 koo filled-centre
11
1FGL J1833.5-1034, 2FGL J1833.6- o
L contains PSR J1833-1034 + PWN 720 - 1070 yr 4.3-51%pc plerionic
G021.5-00.9 1032, 3FGL J1833.5-1033, HESS G21.60-0.89 PSR: 4900 yr PSR: 4.7 kpc composite
J1833-105
e G29.36867+0.1000, AX J1844.7-0305, PWN G29.37+0.1?, close to radio 4E R plerionic
G029.4+00.1 2 peos 11843-033 galaxy PMN J18440306 52-158kpc o oosite?
contains high-8 PSR J1846-0258 40 A :
3 ¢ ' N+ DA v 400 - 1000 yr 51-75kpc plerionic
G029.7-00.3 Kes 75, HESS J1846-029 (magnetar?) + PWN, interacts with . O B ) =
s PSR: 700 yr PSR: 6 kpe composite
N ’ PWN candidate G32.64+0.53 and 8 P : x fillea-
G032.6+00.5 2 HESS J1849-000 PSR J1848-0001 PSR: 42900 yr PSR: 7 kpc centre?
G034.0+20.3 ’,::"ﬁf‘?ﬂ;\oﬁ’ *2027 and PSR PSR: 114800 yr PSR: 1.4 kpc filed-centre
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X-ray Polarimetry will open a new window! (IXPE, XIPE, PRAXyS,...)

GALACTIC LATITUDE

Kothes+, in prep
‘ 63.85° 63.80° 63.75°

GALACTIC LONGITUDE



N ll A Al e ) N w1~
Acknowledgments and thanks..

« Collaborators: Roland Kothes, Zaven Arzoumanian, Tom Landecker .?*“.;
A
—

 U. of Manitoba’s SNR/PWN group

 HESS + ASTRO-H teams, PWN researchers 4 &

....with many thanks to the organiiers and funding a_)genc;_‘ies... |

€ 0 “\ A }

Canada Research

Chairs




