Supernova remnants and pulsar wind nebulae
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Goals:
 Search for Galactic “PeVatrons”

 Astrophysics of the most extreme non-thermal

environments in the Galaxy

(supernova remnants, pulsar wind nebulae, starforming regions, gamma-ray
binaries, pulsars, molecular clouds, ....)

L
7
‘/-
74
:./-
:_A
=4
7
7L
L
’-J
7L
<
<
=t
2

Peter Eger, September 4, 2014, ECRS 2014, Kiel




Search for the most powerful Galactic
accelerators

Beatty et al. (2009) -

galactic sources

' 1 PeV protons = 100 TeV gamma-rays
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Non-thermal radiation mechanisms

E2F(E) 4

synchrotron
(leptons)

\

gamma rays

pion decay (protons)

inverse Compton
(leptons)

10-7 107
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Energy coverage:
30 GeV - 100 TeV

Angular resolution:
up to 4’
Effective area:
>10° m?
Field of view:
Lght poo 350 = 500

» Sensitivity:
10% crab flux with 50 in 25
hours
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The Zoo of supernova remnants detected in
gamma-rays

* Young shell-type SNRs
particle acceleration in expanding shockwave
gamma-rays from |C scattering of electrons OR
protons interacting with the ISM

» Middle-aged interacting SNRs
particle escape and diffusion into dense molecular clouds
primarily hadronic scenarios
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 Pulsar wind nebulae

relativistic particle nebulae powered by a pulsars’ spin-down
primarily leptonic scenarios
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Pulsar wind nebulae
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Pulsar wind nebulae
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MGRO J2019+37

VERITAS MGRO 2019437  Follow-up on original Milagro detection
T » Decomposition into two distinct sources
* VER J2016+371

* VER J2019+368

Declination (J2000)
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Pulsar wind nebulae: MGRO J2019+37
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Aliu et al. (2014) Energy-dependent morphology
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MGRO J2019+37

VERITAS MGRO J2019+37

contour of significance 8

Declination (J2000)
g
o

2FGL J2015.6+3709

20h1F.0m

20h20.0m 18.0m

" Rioht Ascension (J2000) Radio map + X-ray contours (blue)
Aliu et al. (2014)
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—> Pulsar wind nebula interpretation
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VERITAS MGRO J2019+37

contour of sign®aui'c

Declination (J2000)
=
o

radio, IR, X-rays
Right Ascension (J2000) « Complex emission region
Aliu et al. (2014)
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* PWN from powerful pulsar
main contributor to TeV flux
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Pulsar wind nebulae: VER J2032+415

VHE y-rays (VERITAS) 1.4 GHz (CGPS)

24 um 8 um
(Spitzer MIPS) (Spitzer GLIMPSE)
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Interpretation:
* PWN evolving into gas cavity

 Cavity created by
« expanding SNR shock

« strong stellar winds of
massive stars

 Pulsar detected by Fermi / LAT

Aliu et al. (2014)




PWN + SNR? : MGRO 1908+06

TeV (VERITAS) » TeV peak coincident with
powerful pulsar

SNR G40.5-0.5

Galactic latitude (deg)
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TeV (VERITAS) « TeV peak coincident with
powerful pulsar

SNR G40.5-0.5

* No change in spectrum for
larger distances

-

- N\ i
o ﬁz  absence of cooling?

L RSR J1907+0602
“ * 2nd source?

* Interaction of PWN with
molecular clouds?
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TeV (VERITAS) « TeV peak coincident with
powerful pulsar

SNR G40.5-0.5

* No change in spectrum for
larger distances

S af

- N\ i
o ﬁz  absence of cooling?

L RSR J1907+0602
“ * 2nd source?

* Interaction of PWN with
molecular clouds?
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* Interpretation:
41.0 40.5 40.0 _ IR emission from MCs
Galactic longitude (deg) S more energetlc
seed photons for IC

Aliu et al. (2014) —> harder IC-spectrum
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HESS J1818-154
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» Exposure: 115 hours

S
et

Galactic Latitude (deg)
=
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* Nearly point-like source

e Coincident with center of
SNR G15.4+0.1
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154 ) 15.2
Galactic Longitude (deg)

HESS Collaboration (2014)
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A new composite SNR: HESS J1818-154

Discovery of diffuse X-ray nebula
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A closer look at HESS J1857+026 with MAGIC

energy-dependent TeV-morphology

HESS J1857+026
HESS J1858+020
PSR J1856+0245
Fermi-LAT J1857+027
MAGIC, fitted position

300 GeV -1 TeV

18.9
RA [h]

MAGIC Coll. (2014)
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Source1: MAGIC J1857.2+0263
 PWN interpretation

| H.E.S.S., Aharonian et al. 2008
Fermi-LAT, Neronov & Semikoz 2010

A Fermi-LAT, Paneque et al. 2011

A Fermi-LAT, Rousseau et al. 2012

[ ) MAGIC, this work

ﬁ e
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o

MAGIC Coll. (2014)
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HESS J1857+026

Source2: MAGIC J1857.6+0297 MBS 16581020

L i PSR J1856+0245
» Within a molecular gas cavity Fermi-LAT J1857+027

MAGIC J1857.2+0263
MAGTG~I1857.6+0297

 Hadronic or leptonic scenarios -,
possible, depending on source '
geometry

L
v
S
——
~
Z
=4
hV4
-4
=
-
e
Z
L
>,
74
<
-
>
<
—
-

MAGIC Coll. (2014)
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The complex source: HESS J1834-087

TeV skymap (H.E.S.S.) radial profile

— Model w/ 1 Gaussian

- Model w/ point-like + Gaussian
= = Point-like component

== Extended component

e o Data from excess map

Galactic latitude (deg)
Surface Brightness (arb. units)
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The complex source: HESS J1834-087

Scenario 1:
» all TeV emission from PWN

* extreme spin-down pulsar required:
E > 103 erg s-1

« complex injection spectrum
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The complex source: HESS J1834-087

E* dN/dE [erg em s
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Scenario 1:
» all TeV emission from PWN

* extreme spin-down pulsar required:
E > 103 erg s-1

« complex injection spectrum

Scenario 2;
* Point-like TeV source from PWN

» extended TeV component +
Fermi-LAT spectrum:

 from SNR/MC
interaction

* OR from relic PWN




Supernova remnants
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Young vs. interacting SNRs
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* Young Type 1a SNR (441 years)

* Expansion into clean environment:
i.e. no dense gas

* No interaction with molecular clouds
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Composite image:
IR (red), optical (green), X-rays (blue)
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Evidence for hadronic CR acceleration

» Thin X-ray filaments
—> high local B-field
—> CR-driven instabilities?

* Thin Balmer filaments
—> CR-driven shock precursor
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Eriksen et al. (2011) (e.g. Lee et al., 2010)
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Park et al. (2013) * 103 h of observation
* very hard spectrum: ' =1.9+ 0.6

» hadronic scenarios preferred
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PP 120 Distance > 10 kpc

105

 Most luminous Galactic
TeV sourcel!

Declination ()2000)
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HESS Coll. (2014)
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Right Ascension (J2000)
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PWN or SNR: HESS J1640-465

Recent NuStar detection of powerful pulsar

Decl. (J2000)
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PWN or SNR: HESS J1640-465

| GMRT/ATCA Fermi-LAT H.ES.S.
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* The usual PWN models unable to reproduce the GeV-TeV spectrum
» Hadronic models preferred? (due to overlap with SNR shell)
» Updated Fermi-Paper on the horizon —> surprises?
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A new treasure in the same region
HESS J1641-463

All events
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A new treasure in the same region
HESS J1641-463

One of the hardest spectra ever measured with H.E.S.S.

o L . 1 * Flux: 1.8% Crab
I p-p collisions 1 IC off CMB photons
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up to 20 TeV

107

TeV'em?s™

107° ¢

L
7
‘/-
Z
:.{'
:_A
=4
7
7L
L
’J
7L
<
<
=t
2

107 - HESS J1641-463 —e— ™%
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18 Cutoff 200 TeV wn T Cutoff=670 TeV
1078 - Cutoff 1000 TeV %+  Cutoff=1000 TeV

NoCutoff NoCutoff : .
HESS 1713.7-3946 % | HESS1713.7-3946 | HESS Coll, submitted to ApJL (2014)

1 10 100 1 10
TeV TeV
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A new treasure in the same region
HESS J1641-463

Scenario 1;
e hadronic: SNR G338.5+0.1
 only if the SNR is young ~1000 yr

» hardest proton spectrum
ever inferred
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16"44™ 16"42™ 16"40™ 16"38™
HESS Coll, submitted to ApJL (2014)
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A new treasure in the same region
HESS J1641-463

Scenario 1;
e hadronic: SNR G338.5+0.1
 only if the SNR is young ~1000 yr

» hardest proton spectrum
ever inferred

Scenario 2:

* hadronic: SNR G338.3-0.0

» old SNR + dense MC interaction
 proton escape and diffusion
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HESS Coll, submitted to ApJL (2014)
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Final thoughts

« TeV-emitting SNRs / PWNe are a rich and diverse
population of extreme astrophysical objects

KERNPHYSIK

« They might be the key to understand the origin of Galactic
cosmic rays

* Research with IACTs evolves rapidly; but still some
fundamental questions without final answer
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