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- Supernova Remnants:

e Significance (big picture)
e Shock Dynamics, Classfication, Evolution (briefly)

* High-Energy Emission Processes (briefly) Non-thermal Emission

* High-Energy Observations & Statistics: (’[O be) covered by
* SNRcat (X- and gamma-rays) Felix Aharonian

Pulsar Wind Nebulae

Associated Compact Objects (Diversity) Next lecture

Prospects with ASTRO-H

ASTRO-H summer school
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Chandra (AXAF), July 1999-

XMM-Newton, Dec. 1999-
Swift, Nov. 2004-

Suzaku, July 2005- (happy birthday)
NuSTAR, June 2012-

X-ray astronomy: Achieved in 40 years what optical astronomy achieved in 400 years!
(a billion times improvement in sensitivity and a quarter of a million times improvement in angular resolution (Chandra)).

» MeV-GeV: Integral, Fermi, AGILE
 TeV: HESS, VERITAS, MAGIC, MILAGRO

The future: (x-rays) ASTRO-H (2015), ASTROSAT,eROSITA,
NICER, HXMT, ...Athena (~2028)

(gamma-rays): The Cerenkov Telescope Array
I SSSSEEEEHEHHHHBEL
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Main-sequence stars
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Red Supergiant o
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Helium Supergiants
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AGE stars
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(not 1o scale)

- "“

® .

- .

neulron star

core-collapse
I1/1a/lb/Ic

red giant l

Core Implosion === Supernova Explosion === Supernova Remnant

TYPE IA (THERMONUCLEAR) SUPERNOVA (NOT TO SCALE)
29 i =
® 7% =
v AR
super-critical thermonuclear supernova
accretion onto a —  SUpPErNoOva == remnant without
white dwarf star explosion a neutron star
S|ng|e degenerate dOUble degenerate
Mass accretion from a companion white dwarf+white dwarf merger
Paris, July 7-8 (2014)  (eraas)  /°1 1O-H summer school %
— S. Safi-Harb csa'Aasc




iype |l
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Thermonuclear
supernovae

Type la
silicon

S N W A o as  w-

--------------------------------------------------

' |
: ' :
: Type Ic Type |Ib ype lIP J [ Type lIL J:
' no Si & no He no Si, He present Lig 've w. plateal inear lightcurve
E 5
i '

Core Collapse Supernovae

ASTRO-H summer school }A’%
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can outshine an
entire galaxy!

P

More than

(1E53
ergs) from a
supernova is
emitted in the form
of from
the collapsing core

energy (MeV)

X-RAY OBSERVATORY

ASTRO-H

Paris, July 7-8 (2014)

1.6 billion kilometers :

Hydrogen-fusing shell
/Helium-fusing shell
A supergiant star <__—Carbon-fusing shell
; « —Neon-fusing shell

\\Oxygen-fusing shell

Silicon-fusing shell
Central

regions of a
\ supergiant star

Iron core
Jupiter’s orbit

Expect 2-3 Galactic SNe
per century

N1987A

e |[MB
A Baksan

luminosity (solar units)

50

time (s)

ASTRO-H summer school
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Celi W . Supérngva v
S Y 198744

T2 BEUSENE BEIER

R 7o predict the year of explosion of a supernova
wWEN
L NEWS /[ SUPBRNoVA - . .

se»sm‘wii N ARSE MoeuBUe coud , TF ol /s not harder than to predict the year of funding

-7 DAYS

: i now WOIBLE HASNITODE  YNs , Wit . |

g e SOV S R el © Dig accelerator or a big detector. | expect that

ﬁ::;eﬂyou ;’&e 7 P THIS M WHAT we HAVE

=

geen  whirma  3sp yorhRs [BR ! the date of the next supernova is 2003 +/- 15

2y BeadMAN years.”  Prof. L. Okun (1988)
@15)S¥e- 3083
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Cosmic-ray energy
spectrum SNRs as CR accelerators
% up tp the “knee” (1 PeV):

%
From supernova Qbé “Knee”
remnants

-» energetics (10%)
Possibly e power law spectrum

9..'§°c{}'¢‘,23‘,'2§§ “Ankle”  ®* COmposition

From extragalactic
sources

102 yrs into CR discovery
byalicior HESS!

’ ASTRO-H summer school AZ
y csA(ﬁbAsc
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11006 in X-rays:
celeration to~200 TeV

Non-Thermal
rims

Thermal
Interior

The first evidence for CR acceleration to 100’s TeV energies
from X-ray (ASCA, 0.3-10 keV) observations of
SN1006: Koyama et al. 1995, Nature




- -39°30"

Dec.

H.E.S.S. (100 GeV-10TeV) image
with X-ray (non-thermal) contours

-5
T
17 h 15 min 17 h 11 min
RA

The first resolved gamma-ray (TeV) image of an SNR (G347.3-0.5)

providing unambiguous evidence for CR acceleration to multi-TeV.
HESS, Aharonian et al. 2004, Nature

ASTRO-H summer school
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e Nucleosynthesis (creators of heavy elements that are essential for life!)
 Cosmic Ray (CR) Acceleration
e |Interstellar Medium (ISM)

 Cosmology (standard candles)

ASTRO-H summer school
S. Safi-Harb




185 A.D. (RCW86)
393 A.D.? (G347.3-0.5)
386 A.D.? (G11.2-0.3)

1181 (3C58)

1054 (Crab)

1572 (Tycho)

1604 (Kepler)--shown

ASTRO-H summer school
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185 A.D. (RCW86)
393 A.D.? (G347.3-0.5)
386 A.D.? (G11.2-0.3)

1181
1054
1572
1604

3C58)

Crab)

Tycho)
Kepler)--shown
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- 185 A.D. (RCWS6)
393 A.D.? (G347.3-0.5)
386 A.D.? (G11.2-0.3)

1181
1054
1572
1604

3C58)

Crab)

Tycho)
Kepler)--shown

e U U S

Reynolds et al. 2008

Y. Uchiyama’s classification:
The “firefox” SNR! )
?<1900ish?? G1.9+0.3

ASTRO-H summer school A <
S. Safi-Harb
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Plerion=PVVN

leres TTANPNS)

(ancient gr

CPlerlonl.ct: Therraal
R'ROSILE Composite
i

X-RAY OBSERVATORY

ASTRO-H
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XMM ROSAT

thermal composites
(mixed morphology)

»

.

Plerions

X-ray Images taken (mostly) by Chandra, not to scale Montage by S.Safi-Harb

Paris, July 7-8 (2014) (e /o 1RO-H summer school ;éfﬁ
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Shells (191): R,

* dominated by thermal X-ray emission from shock-heated plasma - 4
 non-thermal X-ray emission due to particle acceleration at the SN shock

Plerions (filled-centre, 34):

* non-thermal emission due to synchrotron radiation from high-energy ‘
particles spiralling strong magnetic fields (aka pulsar wind nebula, PWN) |

Composites (82):
e plerionic (49). non-thermal X-ray emission due to a PWN
e thermal composites, aka mixed-morphology (34, including 8 with PWNe):
e thermal X-ray emission (interior; Rho & Petre 1996)
e Various models including evaporating clouds (White & Long 1991),
thermal conduction (Cox et al.), a mix with ejecta...
* recombining plasma: a new area in SNR astrophysics (Suzaku)

i) ASTRO-H summer school
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» Conservation of Mass

* Conservation of Momentum P + pu® = constant

« Conservation of Energy u? N /2
2

= constant

2p

upstream upstream downstream assuming: no B, no E-losses due to Cosmic RGyS €.g,
S m—— D > pu*Pu'”u

PP, pLP t-independent adiabatic flow
and mono-atomic gas

ASTRO-H summer school
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V1 =

3

KTh =kTs = —pumpyg X V;,Q
10
T, (K) ~113><105(V )2
i 107
v (km/s) T (K) (fully ionized gas)
10000 X-ray regime
~1keV 1000 y reg
100 |

ASTRO-H summer school
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Vs
T, (K) ~1.13 x 105(107)2

(fully ionized gas)

v (km/s) T
10000 1.13E+09 _
1000 1.13E+07 Aray regine
100 1.13E+05

However: If there is another form of pressure, e.g. cosmic rays,
then the compression factor at the shock can be >>4 and
temperature will be lower than that derived
from the above T=T(Vs) formula.

Some of the energy goes into cosmic rays,
as observed e.g. in young SNRs (Tycho, Kepler, CasA, SN1006...)

ASTRO-H summer school
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o [] [] [] ]
SV AR cffectively: adiabatic index
— M =400.0 ]
— M2 : 5/3—>4/3
— M =250
. lower T for higher P
S
4
M= Mach #=v/a ' A | B~
v=shock speed \ ‘li <
a = sound speed = ~sqrt(5P/3\rho) \ A N
— i 1 I 1 ; | X ! \ \’ Za
0 0.2 0.4 0.6 0.8 1 §
W= F)<:r/ Ptotal \;; '
kT =(1 —w)l(l— l)Mmst2 )
X X
BNt
w = P TP ’ Fl’o , | , 1 R 1 N 1 s
2,T T £2,NT -0 0.2 0.4 0.6 0.8 1

(0

p2=—
v2

£0 = XP0, w=P_/P

r/ ° total

If no CR pressure, w=0, compression factor = 4 and \beta="1 Vink 2012

ASTRO-H summer school
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-41:40:00.0

lower KT

higher kT

04:00.0 03:20.0 40.0 15:02:00.0  01:20.0

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

+ . .
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ASTRO-H

ASTRO-H summer school

Paris, July 7-8 (2014) S Safi-Harb




X-RAY OBSERVATORY
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« Column density, N, impacting soft X-ray distance(=>D)

2
« Temperature (=>thermal continuum) ~ V,

* Density from
» Metal abundances:
 enhanced? => ejecta
e ‘“solar/sub-solar” => ISM/CSM
» If non-thermal X-ray spectrum (featureless):
photon index
» any spectral break?

=> acceleration process, B field, non-thermal plasma

Normalization => Flux => Luminosity (isotropic) NEYI3

+ . : .
X-RAY OBSERVATORY

ASTRO-H

ASTRO-H summer school
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» Loss of energy to cosmic rays: hard non-thermal X-ray emission/
gamma-ray SNRs era (non-thermal shells and SNRs interacting with
molecular clouds)

e Non-equilibrium ionization of plasma (young SNRs, low-density
medium)

« Recombining, over-ionized plasma (mixed-morphology SNRs,
molecular cloud interaction): Suzaku era

o Contamination by other components (e.g. ejecta/ISM/CSM, PWN)-
composite-type SNRs

o Lvolutionary siaoe of the SNR; expansion into inhomogeneous
medium

ASTRO-H summer school
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SNRs evolution

CIRCUMSTELLAR
GAS

* SHOCKED

EJECTA

CooL
EJECTA

Free expansion Expansion slows Heverse shock propagales
inwards

X-ray bright SHOCK WAVE

Reverse shock heats the SN
ejecta (heavy elements) to X-
ray emitting temperatures:
detected as (hot) thermal
emission the X-ray spectra

Energy of expansion radiated away, Fade 10 invisibility of young SNRs
bright optical filaments

Paris, July 7-8 (2014) FISTRD'H ASTRO-H Su.mmer school
Oy S. Safi-Harb




,Supernova ejecta

Compact
Object

Reverse Shock

ASTRO-H summer school
S. Safi-Harb
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* Free Expansion Phase, v=constant (a few 100 yr);
ejecta-dominated phase

e Adiabatic, Sedov-Taylor: energy conservation
phase (a few 104 yr): swept-up mass > ejecta mass

* Radiative, Snow-plough: momentum conservation
phase (bright in optical)

e Eventually, the SNR merges with the ISM (merging
phase)

ASTRO-H summer school
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me LSerL lations

~5,000-10,000 km/s
Mach>1000 shocks

£\ 1/3
P0

Esy
nH

Es \!/3 E
Rrad_70x1019( ) cm~23( L
ny

E
—1.4x 1012( s & 44 600(
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Radius (R)

A
v~10,000 km/s v~few 100 km/s v~10’s km/s

~40pc = ; |

'S LI
> | 3 §

JDe {2/5

ejecta-dbminated

~2pC t
>
time (t)

v=dR/dt
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Ejecta-dominated phase
| I )i

Free expansion —~

Outer shock

Contact
discontinuity

Reverse shock

Mgy = Mg, —l l*Tycho SNR (MSW = 10 M,
I
200

400 1 000 2000 4000
Age (years) Chevalier 1982

ASTRO-H summer school
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Red: Oxygen
410 yr old (1604AD)

19 ly across

Green: Fe, Ne, Mg

Blue: Silicon+ non-thermal

0.75 Msec (~9 days)
Reynolds et al. 2007

No Neutron Star!
Type la explosion (with CSM)

ASTRO-H summer school
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Suzaku detection of Mn, Cr SN1572

from Tycho
(Tamagawa 2010)

6 7
Energy (keV)
FIGURE 3. Suzaku X-ray spectrum around Fe Ka lines of Tycho’s SNR [11].

Mn/Cr ratio=>

Progenitor metallicity
(Badenes et al. 2008)

ASTRO-H summer school
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*334 yr-old
(SN16807?)

*10 ly across

1.6 billion kilometers

Paris, July 7-8 (2014)

Red: Silicon

Purple: Iron

Green: continuuin

L
i
vyl ‘ ’
wier R
8. ~ ¥
‘e -
Asymmetric lIb SN explosion..
inverted elemental distribution 3-color

+ . . .
X-RAY OBSERVATORY

RAST
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RO-H

B=radio,
Green=Si,
Red=Si/Mg

CasA’s
neutron star

1 Ms CXO (~12 days)
Hwang et al. 2004
Vink 2004, Hughes+00




-

44Ti produced in innermost regions of material ejected in CC SNe-8ame processes that produce Fe and %N

Sl/Mg (Chandré et-lnduced t;pr05|on9 v
Fe (Chandra) :
Ti (NuSTAR):-decoupled from Fe!

(unlike expectation, implications on formation of
compact object-later) Grefenstette et al. 2014, Nature
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B _;.'Slilicon YO U ﬂ' g |
’ ] O-rich;
o ]
I 3
LR T
E o Evolved, O-rich
: Ng-w;.% with a PWN
3 Mg,
3 I
- Si
3 |
: S
E
I-l I | - - Il 1 | 1 I Ll
0.5 1 5

Energy (keV)

X-RAY OBSERVATORY

ASTRO-H

* Fit X-ray spectra

* Infer Metal abundances (ratios, ejecta
mass)

* compare to nucleosynthesis yields

* la: Fe-rich; CC: rich in O/intermediate M

Caveat:

= not all ejecta have been shocked

= plane-parallel shocks

= asymmetric explosions

= nucleosynthesis model yields

core-collapse, WW95

ASTRO-H summer school
S. Safi-Harb

Mass (M,)

0.1

0.01 E

0.001

. . . .
X-RAY OBSERVATORY

ASTRO-H

Nucleosvynthesis Products

1T LB LI | rrTTT TT
I I | I I

— Type Il

Ne Fe

Ng /5

Ca

| EFEEEN S BVEE S AN BN S R A A A

5 10 15 20 25
Atomic Number Z

Nucleosynthesis models:

Woosley & Weaver 1995
Thielemann et al. 1996
Iwamoto et al. 1999
Nomoto 2013
(and others)




Counts/sec/keV

100

10

0.1

.01

‘:l ® Ne - R *
v: (0) | VU", X-RAY dBSERVRTDR’V
AN ASTRO-H M
: sli:'zL ¢ ‘
ejecta ",
g’mw hard
e 1 Energy (ke%/) ’
caveats:

Sedov phase assumed
Uniform Ambient density

\ BN )T

A

\

\

Soft, enhanced abundances:
Ejecta component
Progenitor: >20 solar masses?

(implications on black hole

sisi
0.45 ke.V)l 2
kT

T —_—
4 13 pc

Es1 __ Rs

70 13 pec

1
L= %Rff n3 A(T)

X-ray Observations
U
kTs, Rs, L
U

ng, 7, and E

formation!)
. H Measured
8 O 25M_,,
7 o 30 Msom
" a o X 35M_
0O 40 Mwh'
54
E]
54
2 o
3
2
1 é
% o S
0
oiSi  NeiSi Mg FeiSi

Hard component: solar abundances

ISM/CSM
Shock velocity, v, (km s™1)
Age, t (yrs)
Ambient density, ng (cm™3)
Explosion energy, Fy (10°! ergs)
Swept-up mass, My (Mg)

880 + 70
2,600 250
ik
0.185:06
1552

CTB109
{Sasaki et al. '0%)

{ ,"(x MM)

~2.5:3kyr

Park et al. 200.7 y
Gonzalez & Safi-Harb 2003
: Hughes et al. 01




continuum and line emission

Continuum: Brems (free-free emission), recombination
cont (free-bound), and two-photon emission.

Thermal bremsstrahlung: acceleration of electrons in
Coulomb collisions with ions, nuclei or other electrons

XSPEC models include:
apec, mekal (CIE)

brems+gauss pmton\\

Line emission from ionization and recombination:

highly ionized elements, including O, Ne, Mg, Si, S, Ca,
Fe in 0.5-10 keV

(He-like and H-like ions for very hot plasma)

. . E— .
X-RAY OBSERVATORY

ASTRO-H

ASTRO-H summer school
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Chandra X-ray Observatory

I Cassiopeia A

PR |

1

Energy (keV)




s
*
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X-RAY OBSERVATORY
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+ ' +
+ +

(all) best addressed with ASTRO-H (SXS)

ASTRO-H summer school
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10

111 Fully ionized 3

lonization Fraction

107410~50.01 0.1 1

Electron Temperature (eY)

CIE

SN 1006 Tycho
T e

He-like Fully ionized ]

Cas A

‘%l"'

lonization Fraction
107%107%.01 01 1 10

nt (cm™s) kT=1

important for young
SNRs
and/or low ne
(Ne t < 1012 cm=3 s)

w
10° 107 10° 10° 100 10" 10"2

NEI

—_——

—_—

.5 keV 2R

=T L1

Illll 1 1 Illllll L 1 lllllll 1 il ll 1 Ll ll 1 L L L i1l
107 108 10° 1010 10!

v=3000 km/s

n.t (cm™3s)

ASTRO-H summer school
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~| plasma

kTe =1 keV

lonization timescale:
electron density x time since
passage of shock (age)
Ne t (cmM-3 3)

NEI: net<1e13 cm3s

ASTRO-H summer school
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Underioniz

normalized counts s ke

Paris, July 7-8 (2014)

XY ~ N » * '
2 Plasma-an exai

data: NEl model (~1e11 cm-3 s)
model shown: CEl (~1e12 cm=3s)

MW WH&M‘W{M "f’ } h_H-,F} *+F+ ++*+++

{ Hw*
H 4 iﬁh * :
pd-} H#{j {j'},fﬂ'h**

}\4-1.

2
Energy (keV)
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—n /B 1N P
\\k IVASIE !\kkkﬂk 1C) |

N

I\VE

_

Radiative recombination KT 2 > KT ocs
: - bump-like features in X-ray spectra of
( ) due to recombmatlon some thermal composites
(free-bound) continuum.

-Width prop. temp
‘t_reC ~1/n_e ’7I§\e\ 3\I;e\

The proportion of H-like ions is
larger than that expected from
kTe: overionized, recombining

plasma;

1C443:
important in mixed-morphology SNRs/

interacting with Molecular clouds,
including 1C443, W49B, W28

ASTRO-H summer school
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o
@

Te << Tp for fast-moving shocks
(young SNRs)

at Shock Front
o
(o]

S
>

=>can underestimate Vs from T,

o
=
N

o
e

Line width measurements=>Ti

o
N
T

L '_L"'I 1 1 PR | -ﬁ—n_ i 1 I |
1000 2000 3000
Shock Velocity (km s-1)

Ghavamian et al. 07: analysis of Balmer-dominated
optical spectra from non-radiative shocks

ASTRO-H summer school
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Expansion in RSG wind
M

ATrr20,,

D, =D/D.p;Dep, =1 x 10 gem ™!

My = 9.8D,(R/5pc) Mgun

— Dr 2

PCS =

Sedov
(adiabatic)
phase

Recall: uniform medium

Chevalier 2005
(application): Kumar, SSH et al. 2014



e X-ray Imaging and Spectroscopy
. Gamma-ray observations
. Simulations

ASTRO-H summer school
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Kepler

SN1604

Blue/purple rims /'s_j': -
(hard X-rays): o
non-thermal hard |
X-ray emission
indicating CR
acceleration of

electrons up to a
100 ’s of TeV.

How about
the protons??

Paris, July 7-8 (2014) <|
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0.01}
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107 o SN1572
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[0 |
0.1F W Ejecta E
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0.01F  + HW\’ } |+|'l| 1.0
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-
X-ray
i )

synchrotron2.jpg
4 >

L
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B b

0-5 (100 mz’cmG)(GeV

)2 GHz

 Non-thermal X-ray emission: TeV emitting electrons

100 microG” " 100 T eV

hv = 13.9( )? keV

(Koyama et al. 1995, Nature)
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Inverse Compton Scattering Pion Decay

low-energy
hoton

__ -3 Ngamma-ray
electron

very high-energy

low-E photons: up scatter the . ; :
Cosmic Microwave Background (CMB) requires high-density
O+IR, starlight (and higher B)

Spectral index~particle index
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Non-thermal Emission
from SNR s

~ Synchrojron pi-0 decay
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Log Energy (eV)

Simulated broadband SNR spectrum
undergoing DSA of e- and p.

(Slane et al. 2014)
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Suzaku XIS

Suzaku HXD H.E.S.S.

EGRET T

Sypichrotron

E2 dN/dE [erg cm™2 s7']

-39° 30°
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Suzaku XIS
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Synchrotron
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H.E.S.S. (100 GeV-10TeV) image
with X-ray contours
(Aharonian et al. 2004, Nature)

Acero et al 2009 (R, XMM, HESS): favors leptonic model. Also Fermi (Abdo et al 2011)
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s  NO thermal X-rays (yet!)

30

25

20

e Vs~3000 km/s

o ., Te << Tp
(even more so since E=>CR)

Dec.

17 h 15 min 17 h 11 min
RA

H.E.S.S. (100 GeV-10TeV) image
with X-ray contours
(Aharonian et al. 2004, Nature)
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SNR shell
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Fig. 9 Schematic diagram of SNR/MC interaction in which postshock region in SNR contains dense )
clumps within shocked interclump material. The low-density shocked interclump gas emits X-rays. Protons m
acceleration by the SNR encounter all of gas in the shell, and ~y-rays are produced primarily through o
collisions with the dense clumps. S/a ne 2014 %
o
L

W51C, W44, [C443,
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Zhou, SSH et al. 2014 (ApdJ, in press)

~15 SNRs
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simulations observations

o
. :' ’ )

test-particle case

modified shock
with magnetic field

Energetic protons,
accelerated at the shock
front, don’t radiate as
efficiently as electrons,
however:

|) they affect shock
dynamics (thinner)

2) thermal X-ray
emission: cooler and
lower EM

3) NT emission (R, X,
Y): emission level and

cutoff energies

Ferrand, Decourchelle
& Safi-Harb 2012, 2014

Credit: G. Ferrand
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Energetic protons,
accelerated at the shock
front, don’t radiate as
efficiently as electrons,
however:

total emissivity ¢, [ph.s~leV~!]

|) they affect shock
dynamics (thinner)
. 2) thermal X-ray
energy E (V] emission: cooler and
on ST n B0 | lower EM
R ; NT emission (R, X,
Y): emission level and

cutoff energies

synchrotr

Ferrand, Decourchelle
& Safi-Harb 2012, 2014

T e W (cce alsaloeafial 2010
Patnaude et al. 2010, Slane et al. 2014 )
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X-RAY OBSERVATORY
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- Currently: (with age and distance estimates from PSR/SNR):
- Green’s 2009 catalogue has 274 SNRs, being updated

- SNRcat updated regularly with new SNR detections, including X-ray only
(PWN) and arXiv papers (almost daily)

. 65 SNRs listed interacting with a molecular cloud

: (65 SNRs are associated with both a NS

and PWN), and the list keeps growing!
, 90 identified as a pulsar (PSR)

6 AXPs + 2 soft y-ray repeaters (SGRs) + 2 hlgh -B = 10 magnetars/candidates

- 1268 records of HE observations made with 39 observatories
(added several legacy instruments + some new instruments)

Note: 307 of these are actually non-detections, and in some cases, the emission
might not be coming from the SNR
. 1737 references as ADS bibcodes plus 100s of other URLs

Ferrand & Safi-Harb 2012
physics.umanitoba.ca/snr/SNRcat/SNRcat_stats_20140617.pdf

ASTRO-H summer school
S. Safi-Harb
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records by

| instrument
ASCA 121 + 3 =124
BeppoSAX 194+ O= 19
Chandra 126 + 2 = 128
Einstein 55 + 7T= 62
EXOSAT 719+ 0= 19
Ginga 194+ O= 19
HEAO-1 18+ 0= 18
INTEGRAL 22+ 7= 29
NuSTAR 7T+ 0= 7
CGRO/OSSE 4+ 0= 4
ROSAT 87 + = 90
RXTE 21 + 26
Suzaku | 54 +
SWIFT 13 +
Uhuru 10 +
-] XMM 103 +
CGRO,/COMPTEL 4+
INTEGRAL 1+
NCT | 1+
AGILE 9+
COS-B 7+
CGRO/EGRET | 26+
Fermi 101 +
SAS-2 3+
AS-~ 1+
ARGO-YBJ 4+
CANGAROO | 6 +
CAT 1+
CELESTE 1+
GT-48 | 1+
HAGAR 1+
HEGRA 4+
H.ES.S. 53 +
MAGIC 7+
Milagro | 10 +
PACT 1+
ShALON 6 +
STACEE | 1+
TACTIC 1+
THEMISTOCLE | 1+
VERITAS 10 +
Whipple 2 4+ ¢ |
TOTAL | 961 + 307 = 1268 961 + 307 = 1268

instrument records by domain
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[Ferrand & Safi-Harb 2012] updated as of 2014/06/17

www .physics.umanitoba.ca/snr/SNRcat
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ID names context SN age distance type CHANDRA ¢ [XMM +|SUZAKU < |ROSAT < |ASCA ¢ |FERMI ¢ |AGILE < [HESS + |VERITAS ¢ [MAGIC ¢ |MILAGRO =<

[ all s [ all [ all [ all [ all [ all ][ all

all C all - all

all c

«
«

contains CXOGC J174545.5-285829
= the cannonball = NS candidate and
possibly PWN, close to BH Sgr A*,
interacts with molecular cloud

1FGL J1746.4-2849c, 1FHL J1746.3- contains PWN G0.13-0.11, interacts

Sgr AEast, 1FGL J1745.6-2900c, 2FGL
G000.0+00.0 J1745.6-2858, 1FHL J1745.6-2900,
HESS J1745-290

1200 - 10000 yr 8 kpc composite ANDRA A A A R

S N 2857 with molecular cloud?? RPN
G000.3+00.0 56-33+5-04, G64+0-4 shell
contains PSR candidate J1747-2809 1900 yr 8.5-10 kpc .
G000.9+00.1 HESS J1747-281 + PWN G0.87+0.08 PSR: 5000 yr PSR: 13 kpc composite
close to star forming region Sgr D and
G001.0-00.1 Sgr D, 64-66-6-1, G1-66-6-16 other SNR candidates, interacts with 8 kpc shell
molecular cloud
G001.4-00.1 interacts with molecular cloud shell
G001.9+00.3 150 - 220 yr 8.5 kpc
€003.7-00.2  ©003.8-00:3 Global filter: (Fermi-extended) AND Cloud
500382003 reset all filters
G004.2-03.5
G004.5+06.8 Kepler, SN1604, 3C358, Kes 57 1604 SN: 410 yr 3-6.4kpc
G004.8+06.2  G4:5+6:2 Number of objects displayed: 15
G005.2-02.6
= offset PSR J1801-2451 = B1757-24 =
G005.4-01.2 2 e 56, 88840, 662768, 2FGL  the Duck + PWN G5.27-0.9, interacts PSR: 15488 yr A3 A8KPC  composite RS
. with molecular cloud ol

close to SNR G006.4-00.1 = W28,
G005.7-00.1 ? GB-+40-68, HESS J1800-240C e i e Ee 2 G ]

G006.1+00.5 S646+5-53 shell
G006.1+01.2 =

shell?

G006.4+04.0 shell
W28, 66-6-6-2, OFGL J1801.6-2327, - .
1FGL J1801.3-23226 and J1800.5-2359c, Sios2 19 (unrelated) PSR B1756-29 = Global filter: HESS-extended AND PWN|
G006.4-00.1 2FGL J1801.3-2326e, 1FHL J1801.3- G6.5-0.4 G’7 0-0.1, interacis wiih o 33000 - 36000 yr 1.6-2.2kpc composite CHA
2326e, HESS J1801-233 and HESS moieculla'r clohd o reset all filters
J1800-240[A/B/C]
G006.5-00.4 235 s 3 FESS close to SNR G006.4-00.1 = W28 shell
G007.0-00.1 &7-66-0-42 close to SNR G006.4-00.1 = W28 shell
G007.2+00.2 SF26+526 shell
contains PWN G7.4-2.0 = Taz, close 1.7 - 2 kpc o
G007.5-01.7 ? to PSR J1809-2332 215000 yr PSR: 2 kpc composite
G007.7-03.7 1814-24 3.2-6kpc shell
G008.3-00.0 68-34+-0-09 shell
W30, &8-6-8-4, Suzaku J1804-2142 and  inside W30 complex, PSR J1803-
G008.7-00.1 J1804-2140, 1FGL J1805.2-2137¢ and 2137 = B1800-21 and PWN 15000 - 28000 yr 3.2-6kpc G
IR0 J1806.8-2109c, 2FGL J1805.6-2136e,  GB.40+0.15 at the edge, interacts with PSR: 15800 yr PSR: 4 kpc =
1FHL J1805.6-2136e, HESS J1804-216  molecular cloud
G008.7-05.0 shell
G008.9+00.4 58-80+0-40 shell
G009.7-00.0 88764, 68-76-0-66 interacts with molecular cloud shell
G009.8+00.6 shell
G009.9-00.8 58-95-0-84 shell

shell

G010.

5-00.0 546-68-6-64

(ame N ASTRO-H summer school
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Paris, July 7-8 (2014)

33 detected by Fermi+HESS, including
15 detected as extended
10 SNRs detected by VERITAS, 7 by MAGIC and 1- by MILAGRAO

With Cloud
e 40 in Fermi

e Including 15 as extended

s 28 inHESS

e Including 15 as extended

s 14 in FermitEIESS

e including 7 as extended

With PWNe
e 26 in both Fermi+HESS,

* including 11 as extended

s 34 bV EIESS

e including 23 as extended

e 21 by Fermi

» Including 11 as extended

ASTRO-H summer school

S. Safi-Harb




« Bilateral SNRs catalogue (connection between
SNRs morphology and the Galactic B field)
e Jennifer West (PhD)

« PWN catalogue (relevant to next lecture)
e Heather Matheson (PhD)=>Ben Guest

« Multi-wavelength images for all SNRs

e Yitchen Zhan (undergrad) and others E

ASTRO-H summer school
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317 SNRs

Montage by J. West (U. Manitoba)

PRELIMINARY!

. . g
X-RAY OBSERVATORY

ASTRO-H
. . b. )
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Selected (bright/famous/good for ASTRO-H!)
SNRs X-ray movie
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Stay tuned!
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