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THE ODVS§See: AN APT NANE

» Tale written by Homer

» Guy name Odysseus (Ulysses)

* Is married to beautiful woman

- Has to go to the army (first feigns to be crazy)

- Wins war (something with a horse)

- But has bad luck getting home (the Odyssey)

» Returns home just in time before wife gets another husband
* The odyssey lasted 20 yr



WHERE WERE WE IN 19962
Y-RAY SYNCHROTRON eMISSION JUST DISCOVERED

10 100

1

Counts/s/keV

0.01 0.1

1073

107

» Discovery of X-ray synchrotron SN1006 by Koyama+ 1999
- Hard X-ray emission Cas A (The+ 95, Allen+ '96, Favata+ 96)
» Discussions: non-thermal bremsstrahlung or synchrotron?



WHERE WERE WE IN 19962
SNI987A WAS NOT YET 10 YR OLD

-
Supernova 1987A Ring
Hubble Space Telescope WFPC2

SN1987A just starts interacting with the interior part of ring



WHERE WERE WE IN 19962
DISCONVERY DUST IN CAS A FROM €JECTA

Cas A ISO-CAM (Lagage+ 1996)
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Discussion in 1998 (Rudnick):
Where is the shock?



WHERE WERE WE IN 19962

Discussion in 1998 (Rudnick):
Where is the shock?




WHERE WERE WE IN 19962

Discussion in 1998 (Rudnick): Chandra (1999+)
Where is the shock? Here is the shock!!




HOT DISCUSSION IN 1997:
DOES THE CRAB HAVE A SHELL?
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HOT DISCUSSION IN 1997:
DOES THE CRAB HAVE A SHELL?

Jeff Hester

There is a big SNR shell!
Filaments are RT instabilities
from PWN pushing against ejecta
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HOT DISCUSSION IN 1997:
DOES THE CRAB HAVE A SHELL?

Jeff Hester

There is a big SNR shell! No SNR:
Filaments are RT instabilities The supernova was sub energetic
_from PWN pushing against ejecta and PWN has overtaken SNR

» Michael Bietenholz this week: the supernova was sub energetic and the
filaments are RT instabilities



OTHER EVENTS AROUND 1996
INFLUENCING OUR CURRENT VIEWS

-+ Empty (Q=0)
- Q,=0.29, Q,=0.71

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

Riess+ ‘07

» Discovery of gamma-ray burst afterglows
* GRBs are extra-galactic
- SN1998bw-GRB connection:
» SNe can have jets!!
* Not all SNe have 10%' erg of energy
» SNe la and the accelerated expansion of the Universe (1998)
* Created more interest in SNe la: do we understand them?
* Increased effort in hunting for SNe in general



WHAT HAPPENED SINCE 1996:
NeEW INSTRUMENTS

- Radio: EVLA, LOFAR

« SubMM: ALMA
* Infrared: Spitzer,Herschel, MSX,WISE,...
» Optical: Hubble (with renewed instruments), VLT, Subaru, Magellan,....

« X-rays (99+): Chandra, XMM, Suzaku, NuStar,...
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WHAT HAPPENED SINCE 1996:
NeEW INSTRUMENTS

- Radio: EVLA, LOFAR

« SubMM: ALMA
* Infrared: Spitzer,Herschel, MSX,WISE,...
» Optical: Hubble (with renewed instruments), VLT, Subaru, Magellan,....

« X-rays (99+): Chandra, XMM, Suzaku, NuStar,...

» GeV gamma-rays (2007+): Fermi-LAT, AGILE
» TeV gamma-rays/stereoscopic arrays: H.E.S.S., MAGIC, Veritas

- Larger computers!

10



WHAT DID IT BRING US?

NeEwW §NRS
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Leonidakis+ 2013

- radio, optical (extra-galactic!), and TeV!
* LMC/SMC (e.g. MCELS, Maggi+): better ideas about SNR populations
- extra-galactic population studies

H.E.S.S. collab.

talk by Ryan Chaves



WHAT DID IT BRING US?
PARTICLE ANCCELERATION: AMPLIFIED B-FIELDS

10_8: ! LI | T T T T TT11T

10-° =

B2/(8m) (dyne cm™2)

10-10

Helder,JV,+ 2012
10-11 T BTN T L |
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« X-ray synchrotron common in young SNRs!
- X-ray synchrotron needs high magnetic turbulence (n=1)

1 T4 i Vs ?
hvcut-off — 1477g 7'4% 5000 ki s—! keV.

- Narrow filaments -> high losses -> high magnetic fields (50-500 uG)
- Need magnetic field amplification (e.g. Bell’s cosmic-ray driven instability)

12



WHAT DID IT BRING US?
COLLISIONLESS SHOCK HEATING

« Saturn
= SNRs

_____ 20 40 60 80 100
FWHM_NL[kms™']

Data: P. Ghavamian+ 2013 100 150 200 250 300 350

Model: Vink+ 2015 | FWHM_IL[kms™]
Talk S. Knevevic:

Tycho evidence for intermediate velocity comp.

- Long debate: are electron-ions equilibrated?
- Measurements: partially equilibrated 1/v2 dependence (Ghavamian+)
- CR theory/neutral kinetics (Blasi cs/Raymond): pre-shock heating

» This conference (Knevevic): evidence for intermediate component
13



WHAT DID IT BRING US?

PARTICLE ACCELERATION: GAMMA-RAYS
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« Fermi-LAT & AGILE:
- First firm evidence for accelerated protons!
- Many SNRs detected
- TeV gamma-rays:
- young shells & mature interactions
- extended PWNe
- debate over leptonic vs hadronic cosmic rays
- first detection of a superbubble (in LMC)

3

o

Declination (J2000)
3
excess counts

05"40™00° 05"35™00°
Right Ascension (J2000)

H.E.S.S. collab.
talk by Kavanach on X-ray
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WHAT DID IT BRING US?
PARTICLE ACCELERATION: GAMMA-RAYS
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HESS J1640-465
H.E.S.S. collab. 2014 (A&A)

- TeV gamma-rays of HESS J1640:
* Much softer than RX J1713
» Seems good case for pion decay
* Pion decay confirmed by Fermi-Lat (Lemoine-Goumard+ 2015)
* Need non-standard scenario to explain:
* SNR in cavity, cosmic-ray interaction with cavity wall



WHAT DID IT BRING US?

CONMPVUTING | @ Caprioli, Spitkovsky c.s
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- Computing:
- details of shock-heating and acceleration (PIC/Hybrid simulations)

3D simulations of SNRs including cosmic-ray back pressure .



WHAT DID IT BRING US?
PULSARS/PULSAR WIND NEBULAE

Flux > 100 MeV [ 107 cm2s]

1 1 1 1
66666666666666666666

Fermi-LAT
Taken from Buehler+ ‘13

Chandra
see S. Safi-Harb’s talk

- Many PWNe have jet + torus morphology
* The Crab has flares GeV flares!
- Larger variety of neutron stars: magnetars, CCOs (anti-magnetar?)

|7



WHAT DID IT BRING US?
DVUST MASS MEASUREMENTS AND MOLECULES

Band 6 Frequency

25 21.8 | 216 214 212

—— Band 6 .
120 J=2-1 ) 28Gj0
20 L — Band 3
Al
15 .
rl 1
";! ]1 - ‘l
= }" { 1 29Gj0 - g
. | ) g
& & feco si0] *sio §
£ fo2a | 54 4, 54 <
] L Nya . S
0 _A('A-Wl' i 11‘ o é.{‘?".
)M\,v
10 [ L\ﬁ' ~
| o VWM FWHM
1-0 _1
5| 2300 km s
12C0O J=1-0 . .
Right Ascens! ion (J2000)
0
0 5000km/s
SRR et (Kamenetzky et al. 2013)

talk by M. Matsuura

« SN1987A:
» Surprisingly large dust mass (~0.1Msun)
- Measurement of CO lines, including isotopic abundances!
» Dust destruction at work (talk by Dwek)
« Other SNRs:
- Some dust in ejecta (Cas A), sometimes CSM (SNla: Kepler, Tycho)

18



WHAT DID IT BRING US?
PROPERC MOTIONS & DOPPLER SHIFTS

. o
il
Eﬂm o

Radial Position (0.492" Pixels)

Brian Williams (2016)/talk

- Chandra resolution (also XMM): proper motions in X-rays
 Tycho, Kepler, Cas A, RCW 86, RX J1713 (Acero talk), Vela Jr,....
* Longer tradition of radio proper motion measurements
* NB: Tycho & Kepler match John Dickel’s measurements!
* Doppler mapping: Cas A (various authors), Tycho -> Jack Hughes talk



WHAT DID IT BRING US?
THE SUPERNOVA - SNNR CONNECTION

__XMM-MoS12 XMM-RGS

T T T T T T LI B 25

10 1E01022 7219 C | | | ]
[ - 20

1 : ]
4 15

0.1 ]
-4 10

0.01 ]

o
o
o
—
™

T

III- IIIIIII
O O

Count rate (Cts s-! keV-?)
-~ O
|||||I'I'I| LLRLALL

©
—

0.01E
0.001 £, ., .| L : U

LT g
1 10 0.6 0.8 1 1.2
Energy (keV) Energy (keV)

Glow of Fe-L in inside DEM L71
Vink 12 review (see also Hughes 95)

 X-ray imaging spectroscopy: Fe-L rich SN la spectra

20



WHAT DID IT BRING US?
SYMMETRIES AND J€TS
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 Explosion or CSM?

« CC SNe (Cas A, G292,..): explosion!!
» Type la: no complex CSM to mess it up!

* Why not always Fe-jets?

21



WHAT DID IT BRING US?
SYMMETRIES AND J€TS
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 Explosion or CSM?
- CC SNe (Cas A, G292,..): explosion!!
* Type la: no complex CSM to mess it up!
- Why not always Fe-jets?




WHAT DID IT BRING US?
IMAGING RADIOACTINVE NMATERIAL (#4T1)

Grefenstette+ 2014

22



WHAT DID IT BRING US?

NEW X-RAY LINE DIAGNOSTICS

* Origin:

Lk (10%° photons s7)

Charge number
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o RCW86
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Energy (eV)

LFe vs Fe-K energy dichotomy
(Yamaguchi+ 13)

* Type la more iron, but less dense CMS? (Yamaguchi+)
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THEORY
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THEORY

Very impressive colleague...

24



THEORY

Very impressive colleague...

But does it also work in theory?

24



WHAT DID IT BRING US?
NEW X-RAY LINE DIAGNOSTICS

s12D SN 1993J ®SNR Dato

s2350 SN 1987A

mCasA 'W49B N132Dm
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B Sgr A East B N63A
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TE,

Talk D. Patnaude

SNR Radius [pc]

- Concerns:
 how much variation is there in SN 1a/CC environments?
* role of clumping (CC ejecta more clumped)?



WHAT DID IT BRING US?

EVIDENCE FOR SIMMERING PRE SNIA PHASE?

Counts s keV!
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« Carles Badenes talk:
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16
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- Odd elements preserve memory of progenitor metallicity

« Cr, Ni, Ca: SNla remnants were (super)solar
« Cannot be for LMC! -> Need simmering phase

26



WHAT DID IT BRING US?
THE QUEST FOR SURVIVING DONOR STAKS
(NI

Talks by Kerzendorf and Hovey

* No clear evidence for (bright) surviving donor stars!
» Suggest none is there 1?

27



RESISTING TEMPTATIONS
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RESISTING TEMPTATIONS

Siren Schaefer/Kerzendorf
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RESISTING TEMPTATIONS

Siren Schaefer/Kerzendorf
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No surviving donors!
Come to the
double degenerate side
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RESISTING TEMPTATIONS

Siren Schaefer/Kerzendorf
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Come to the
double degenerate side

Noam Soker
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RESISTING TEMPTATIONS

Siren Schaefer/Kerzendorf

Not single-, double-
but core degenerate

b B
X /7 No surviving donors!
: Come to the

double degenerate S|de/

N

e,
> \,' %{,

[
s | e

Noam Soker
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PERSONAL NOTES ABOUT KEPLER!S SNK
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Vink 17 in Handbook of Supernovae
Talk by Chiotellis

- SN1604/Kepler clearly Type la (Katsuda+ 96,Reynolds+ 97)

- Also clear evidence for proper motion of system (~250 km/s)

* In north: bounces into dense bowshock-shaped wind material

- Clear need for progenitor wind: AGB star donor, single degenerate?
 No surviving donor (Kerzendorf): double degenerate?

- What is going on? -> Core degenerate model (Noam Soker)?

* Problem 2: How to eject binary out of MW with >200 km/s?



A FeEW WORDS ABOUT KEEPER!S SINK

WAS IT A SNI1991T TYPE (BRIGHT)?
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A FeEW WORDS ABOUT KEEPER!S SINK
WAS IT A SNI1991T TYPE (BRIGHT)?
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Days since October 8, 1604
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A FeEW WORDS ABOUT KEEPER!S SINK
WAS IT A SNI1991T TYPE (BRIGHT)?

o ___SN 1991T
- R ____SN 1994D
“YHE W ____SN 2004e0
O
©
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O )]
£ +
T N | ’
> IR
S rt
<
et
@ I [ [ [ [ I [ [ I [ [ I [ [ [ I
0 100 200 300 400

Days since October 8, 1604
- Kepler’s and Korean data
» Kepler: rich in Fe -> SN 1991T?
* Historical light curve: normal Type la not perfect, but work best
(To be published in Handbook of Supernovae)
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CHERENKOV TELESCOPE ARRAY (CTA)

4 large-sized telescopes (23m) 70 small-sized telescopes (4-7m)

5 medium-sized telescopes (12m

(<t

* power-law spectra: many low energy gamma-rays, few high energy gamma-rays
* low energy gamma-rays: faint showers = big telescopes

* high energy gamma-rays: bright showers =smaller telescopes, many needed

* SNR research: Are there supernova/SNR PeVatrons (talk Dwarkadas)?
* More TeV SNRs and PWNe 3



ATHENA

3-D Hydro Simulation N | | l | ’Wl

Silicon in Tycho-like SNR
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XIPE: €SA M4 CANDIDATE

(IXPE: NASA SNAEX CANDIDATE)

....
X ¥
X g

¢ XIPE=X-ray Imaging Polarimetry Explorer
e Also: Aztec god for agriculture

e Selected candidate for M4

* Potential launch date: 2025

* ESA budget: 450 Meuro

e Competitors:
* Ariel (exo-planetary atmosphere spectroscopy)
* Thor (turbulence of space plasmas)
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XIP€ SPACECRAFT

Sun Shield

Control Electronics

Instruments Supporting Structure

Telescope Supporting Structure
Solar panels

Service Vehicle Module

Thrust Cylmdmj
Mirrors Mounting Structure 0
Mirror Moduleje/ ‘
Baffles

lelescope Unit \ '
X 4

2
M

irror Assembly

e X-ray mirrors: XMM heritage:
® Three mirror modules
* XMM replication technique

Detection Set \

I Control
r

Electronics -

Focal Plane B
Assembly N\

Payload
Module

4

e Similar angular resolution (HEW 15”)
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GAS PIXEL DETECTOR (GPD)

Drift plane e
> Trigger
Vtop
Auger electron track AN :I_".
AW :I—{Il
GEM
V

Pixel anode

i ﬁ; ADC

Figure 17 Principle of operation of the GPD (Costa et al. 2001).

® Polarisation detection principle:
* X-ray photon ionises atom in gas
® [onisation results in electron cloud
® Electron cloud is imaged

3.8

3.6

3.4

3.2

l

llI”lllIIIllllIIlll'

2.8

Y coordinate (mm)

2.6
2.4

He (40%) - DME (60%)

|ll|lll|ll||IIIIIIIIIIIlIIIlIII'Il

2.2

.I.||III|III|III

i
—

-08 06 -04 -02 0 02 04 06
X coordinate (mm)

Figure 19 An example of a real photoelectron track at 5.9 keV
(Bellazzini et al. 2006).

e #electrons — energy, direction of cloud — E-vector X-ray
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MEASURED POLARISATION FRACTION
YOUNG SNRS (§€e ALSO DUBNER!S TALK)

Braun, Gull, Perley, Nat. 1987

63 55

54

53

DECLINATION

52

51

508

49

00 23 00 2245

30 00
RIGHT ASCENSION

Tycho’s SNR, Dickel+ 91

400

Object Typical I Peak I1 Orientation B A Remarks References

RCW 86 8% 15% radial 22 cm some regions Il < 3% Dickel et al. (2001)

SN 1006 17% 60% mostly radial 20cm  peak not in X-ray rims Reynoso et al. (2013)

SN 1572 7% 25% radial/fine structured (4”) 6 cm peak at limbs Dickel et al. (1991)

SN 1604 6% 12% (7) radial/fine structured (20”) 6 cm DeLaney et al. (2002)

Cas A 5% ~20% radial 6 cm outer plateau I1 ~ 9% Braun et al. (1987); Anderson et al. (1995)
G1.9+0.3 6% 17 + 3% radial 6 cm Faraday rotation affected? De Horta et al. (2014)
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SUPERNOVA REMNANTS
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Fig. 1. Fractional polarization at 5 GHz as a function of 1 GHz

surface brightness. Surface brightness decreases with age.

* Younger SNRs have lower polarisation degree:
* Magnetic fields are more turbulent!
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SNNRX-RAY POLARISATION V§ RADIO

* Expect higher X-ray polarisation:
 X-ray synchrotron from smaller volumes
fewer line of sight effects (depolarisation)
® Spectral index steeper: higher maximum polarisation
® Enhanced due to B-field fluctuations: larger polarisation

® Small polarisation in X-rays vs radio
* Originates from close to the shock:

higher local turbulence of magnetic field

* Complication for SNR: for most young SNRs only use 4-6 keV band
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WHAT POLARISATION FROM §NRS MAY
REVEAL

Tycho: Polarized intensity Cas A: Monte-Carlo images XIPE

* The polarisation fraction will tell us the turbulence level & perhaps spectrum
* Are the magnetic fields close to shock already radially stretched?
* Are the Tycho stripes indeed a coherent magnetic structure?
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- Special effects: Flying bread and banana (Dan Milisavljivic)
- Most beautiful image: Cygnus Loop (Bill Blair)
- (disqualified: not properly registered the talk!)
» Coolest results: measuring isotopes of Si (Mikako Matsuura)
* Runner up: pre-shock heating in Tycho (Sladjana Knesevic)
- Best sports presenter: Michael Schulreich
* who shoots %0Fe in the goal? will it be #14, yes #14 scores!!
» Best conference location: Crete!
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CLOSING REMAKRKS

* During my own 20 year Odyssee covering SNRs”

* revolution in instrumentation (107-102% Hz!)

» better typing of SNRs (SNe la vs CC)

» evidence for jets

» large progress in understanding particle acceleration
* gamma-rays -> acceleration properties, proton acc.
* narrow X-ray filaments -> B-fields and turbulence

* Imaging of dust of different temperatures

* longer baselines/sharper images: propert motions!
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* revolution in instrumentation (107-102% Hz!)

» better typing of SNRs (SNe la vs CC)

» evidence for jets

» large progress in understanding particle acceleration
* gamma-rays -> acceleration properties, proton acc.
* narrow X-ray filaments -> B-fields and turbulence

* Imaging of dust of different temperatures

* longer baselines/sharper images: propert motions!

* Next 10 year:
* New instruments: LOFAR, CTA,JWST SKA, XIPE/IXPE(?),ATHENA

* Finally
* Thank you Panos and the LOC/SOC for a great Odyssee/BFGC!
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