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X-ray Emission of Supernova Remnants

* Supernova remnant (SNR) expanding into
environment

" Forward shock heats interstellar medium (~ 107 K);
Particle acceleration (GeV-TeV energies)

= Reverse shock heats supernova ejecta
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X-ray Emission of Supernova Remnants

* Supernova remnant (SNR) expanding into
environment

" Forward shock heats interstellar medium (~ 107 K);
Particle acceleration (GeV-TeV energies)

= Reverse shock heats supernova ejecta
» X-ray emission processes
" Thermal bremsstrahlung + line emission (O, Si, Fe, ...)

" Synchrotron radiation in magnetic field

B ~105-10* G)
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X-ray Emission of Supernova Remnants

* Supernova remnant (SNR) expanding into
environment

" Forward shock heats interstellar medium (~ 107 K);
Particle acceleration (GeV-TeV energies)

= Reverse shock heats supernova ejecta
» X-ray emission processes

" Thermal bremsstrahlung + line emission (O, Si, Fe, ...)

" Synchrotron radiation in magnetic field

B ~10°-10*G)
» X-ray studies of SNRs:
" Noucleosynthetic products of supernovae

= (Collisionless shock-heating of interstellar medium

= (Cosmic ray acceleration
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X-ray Emission of Supernova Remnants

* Supernova remnant (SNR) expanding into
environment

" Forward shock heats interstellar medium (~ 107 K);
Particle acceleration (GeV-TeV energies)

= Reverse shock heats supernova ejecta

» X-ray emission processes

" Thermal bremsstrahlung + line emission (O, Si, Fe, ...)

" Synchrotron radiation in magnetic field

B ~ 105104 G)
» X-ray studies of SNRs:

" Noucleosynthetic products of supernovae

= (Collisionless shock-heating of interstellar medium

_ Cas A
Magnetized neutron star/pulsar https://chandra.harvard.edu/
- (artist's impression; www.esa.int)
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The SRG/eROSITA telescope

* e¢ROSITA: Soft X-ray telescope on
German-Russian SRG satellite

Predehl et al. 2020

» Original mission goal: 4-year all-sky X-ray survey,
~ 25 times deeper than precursor ROSAT

» 2.2 years achieved until mission interruption

(Feb 2022)

\
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The SRG/eROSITA telescope

* e¢ROSITA: Soft X-ray telescope on
German-Russian SRG satellite

Predehl et al. 2020

» Original mission goal: 4-year all-sky X-ray survey,
~ 25 times deeper than precursor ROSAT

» 2.2 years achieved until mission interruption
(Feb 2022)

* Telescope specifics:

= 7 identical telescope modules with single-chip
pn-CCD detectors

" Field of view ~ 1 degree

\
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The SRG/eROSITA telescope

* e¢ROSITA: Soft X-ray telescope on
German-Russian SRG satellite

» Original mission goal: 4-year all-sky X-ray survey,

~ 25 times deeper than precursor ROSAT

» 2.2 years achieved until mission interruption

(Feb 2022)

* Telescope specifics:

\

7 identical telescope modules with single-chip
pn-CCD detectors

Field of view ~ 1 degree
Energy range 0.2 — 10 keV

Large combined effective area

13.11.2025

FoV averaged Effective Area * FoV [ cm? deg?]

1000

100

o

Predehl et al. 2020
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The SRG/eROSITA telescope o

C. Maitra, F. Haberl (MPE)
* eROSITA: Soft X-ray telescppe on S ST v s LR
German-Russian SRG satellite — -

| Ne
» Original mission goal: 4-year all-sky X-ray survey, A
~ 25 times deeper than precursor ROSAT 6 | ﬁ,ﬁﬂ y eROSITA combined -
: o : Fo XMM-Newton PN
» 2.2 years achieved until mission interruption _ fo
(Feb 2022) bl
= 4 £ UM J
* Telescope specifics: 5 o, T
= M’%ﬁ-f.‘; A
= 7 identical telescope modules with single-chip A \’\’v“
CCD d Nl
pn- etectors o | o I,’ Y i
: : “ !i_, \0*'3.‘;-3%
" TField of view ~ 1 degree _ k! l‘hﬁmh ﬁ.‘
" Energy range 0.2 — 10 keV " by S
O~ e
" Jarge combined effective area 0.2 0.5 1 2 5
Energy (keV)

= Improved spectral resolution
(ct. XMM EPIC-pn)
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eROSITA All-Sky Survey (eRASS) R —

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB

. 0.6 -1.0keV
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eROSITA All-Sky Survey (eRASS) w1l e

Credit: MPE/IKI

Russian - German - 0.3-2.3 keV - RGB
Consortium © @ensbrtium - =

-w . 0.6 -1.0keV
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eROSITA DRi: The First All-Sky Survey (eRASS1)

eRASSI diffuse emission eRASSTI point source
551 Merloni+24 Merloni+24
Credit: JySanders (MPE) Credit: J. Sandefs(MRE):

v 2
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eROSITA DRi: The First All-Sky Survey (eRASS1)

eRASSI1 diffuse emission eRASSI point sources _ -
™ Merloni+24 Merloni+24 R
Credlt J:sSanders (MPE) Credit: J. Sanders (MPE)"’

900 000 X-ray point sources
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB

. 0.6 -1.0keV
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - 0.3-2.3 keV - RGB

. 0.6 -1.0keV
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eROSITA & Fermi Bubbles

* Diffuse thermal X-rays (0.6 — 1.0 keV)
engulf nonthermal y-rays (Predehl+20)

Predehl+20

\
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eROSITA & Fermi Bubbles

* Diffuse thermal X-rays (0.6 — 1.0 keV) ~14kpc

EBs

engulf nonthermal y-rays (Predehl+20) Geometry sketch

A

»
>

> Galactic-scale structures

» Origin: Nuclear starburst ot
supermassive black hole outburst?

(Predehl+20)

FBs S 2

\
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eROSITA & Fermi Bubbles

* Diffuse thermal X-rays (0.6 — 1.0 keV)
engulf nonthermal y-rays (Predehl+20)

eROSITA 0.6 - 1.0 keV
diffuse emission

> Galactic-scale structures

» Origin: Nuclear starburst ot
supermassive black hole outburst?

(Predehl+20)

» Morphology reproducible with giant
blast wave from (Galactic center

Geometrical model

M. Yeung,
M. Mayer,
et al,, in prep.
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eROSITA & Fermi Bubbles

* Diffuse thermal X-rays (0.6 — 1.0 keV)
engulf nonthermal y-rays (Predehl+20)

> Galactic-scale structures

» Origin: Nuclear starburst ot
supermassive black hole outburst?

(Predehl+20)

» Morphology reproducible with giant
blast wave from (Galactic center

> Vertical extent of emission hard to
constrain

M. Yeung,
M. Mayer,

£ [l‘\ et al,, in prep.
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20 pre

=

10

z(kpe)

~10F

~15F

- M i
_EU.-I-I- EEEE R P A Lii o i
- .

15F

o’ (4]
L R

T

Side View of Milky Way

T T

N RRERS

LR AR

T

15F

10

- |
I

z(kpe)

—10F

—15F

=210 Lo i s el e i el FrEes N aia eyl

Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar

In projection




The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB

HOIngaSNR
i Becker+21 = =
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The ,,Hoinga“ SNR (G249.5+24.5)

* High-latitude & extended SNR (~ 4.5°)

» Soft thermal X-ray emission (T ~ 1.3x10° K)
filling nonthermal radio shell (Becker+21)

» Likely old (> 10* yr) and nearby (~ 500 pc)

Radio (blue, green) & X-ray (red) composite image
®Becker+21; Credit: W. Becker, N. Hurley-Walker
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The ,,Hoinga“ SNR (G249.5+24.5)

* High-latitude & extended SNR (~ 4.5°)

» Soft thermal X-ray emission (T ~ 1.3x10° K)
filling nonthermal radio shell (Becker+21)

» Likely old (> 10* yr) and nearby (~ 500 pc)

» Further discoveries indicate population of
SNRs outside Galactic plane

J0624-6948 (Filipovic+21) G116.6-26.1 (Chura

g 2N
9 o

zov+21) G17.8+16.7 (Araya+22)

Radio (blue, green) & X-ray (red) composite image
®Becker+21; Credit: W. Becker, N. Hurley-Walker
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB

 VelaSNR
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Vela and Friends

eRASS:4 image of Vela (logarithrﬁic scale) »
~ Mayer+23

* Vela: Very extended (~ 8°) core-collapse SNR
= Central energetic pulsar B0833+45
" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,
Espinoza+17)

0.7 =1.1ke¥

1.1 -2.3 ke

\
‘& 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar 30 RO%

-y



Vela and Friends

* Vela: Very extended (~ 8°) core-collapse SNR
= Central energetic pulsar B0833+45
" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,
Espinoza+17)

eRASS:4 image of Vela (logarithrﬁic scale) =

07T 1 keV Hayoios

1 2.3 ke¥

= j Puppis A with eROSITA
* Superimposed SNR: Puppis A gt . Mayer+22
= 4000 yr old (Mayer+20, Winkler+88)
" Core-collapse SNR
» Central neutron star (Petre+96)

= X-ray-bright due to interaction with dense
ISM (Hwang+05)

ROSITA
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An ,IFU" View of Puppis A

* eROSITA data: 30 ks observation of Puppis A during 0.7—1.1 key
calibration & PV phase 1.1 — 2.3 kel
» X-ray datacube reveals spectromorphological
changes
‘% 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar
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An ,IFU" View of Puppis A

Puppis A data cube

* eROSITA data: 30 ks observation of Puppis A during 0.7—1.1keV Mayer+22
calibration & PV phase 1.1 —2.3ke)l
» X-ray datacube reveals spectromorphological
changes
T 1000.0 ’ g
l% 100.0 N
I -
g I
% 10.0 " .
g v’,!“:l\
e \
E 1.0 LA™
(@}
Z M
0.2 0.5 1.0 2.0 5.0
E (keV)

\
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An ,IFU" View of Puppis A

Puppis A data cube

. . . Mayer+22
* ¢ROSITA data: 30 ks observation of Puppis A during y
calibration & PV phase
» X-ray datacube reveals spectromorphological
changes

1 1000.0 1 88 2 38
© \ | Sl |9 ;:g
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_fg ’ | \'“-,,I‘ |
C'c . | ~ |
s . | |
O | |
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An ,IFU" View of Puppis A

o
_ ) _ To) 0.2 -0.35keV Puppis A data cube
* eROSITA data: 30 ks observation of Puppis A during g Mayer+22
calibration & PV phase |
» X-ray datacube reveals spectromorphological
changes
: > lee [ . ::\-- g
~ el S5 | B =
T> 1000.0 B 88 3 %E 4(%’ &
© \ . Sl (S| Sy = =
:4 \ qF e = = > i W
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Spatially resolved spectroscopy

‘:& 13.11.2025
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0.2 —-2.3keV
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Spatially resolved spectroscopy

* Adaptive Voronoi binning (Cappellari+03)

» Extract spectra from regions binned to

equal S/N

Adal?tive bins—

\
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'I 'i'Blablsl*(vpshock+lpowerllaw)
+background]

Spatially resolved spectroscopy

—_
(=]

* Adaptive Voronoi binning (Cappellari+03)

Normalized Counts (s 'keV 1)
o

» Extract spectra from regions binned to

equal S/N

U
opww»—-o»—-[\)w

» Charactetize spectral components via spectral
modelling
" Foreground absorption
" Hot gas phase (density, temperature, abundances)
» Non-equilibtium ionization (NEI)

" (Synchrotron emission)

Ada[?tive bins_

\
‘& 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar 38 @

-y



Puppis A - Shock History

* Determine shock age from

emission measure & 1onization
age:
1071
EM = Aol n.y dv,
Assume
emitting volume
T, =|n, tg
\ =
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Puppis A - Shock History

* Determine shock age from

emission measure & 10nization

age:
10—14
EM = n.pny dv,
And? f ™
Assume
emitting volume
T, =N, tg

»Reconstruct history of shock

heating

‘;%“; 13.11.2025

Mayer+22
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Puppis A - Shock History

* Determine shock age from

emission measure & 10nization

age:
10—14
EM = n.pny dv,
And? f ™
Assume
emitting volume
T, =N, tg

»Reconstruct history of shock

heating

‘;%“; 13.11.2025

Mayer+22

— D y

Recently (~50

0 yr) shocked materi?l

Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar
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Puppis A - Shock History,,....

* Determine shock age from 0.7 — 1.1 k7
emission measure & 1onization B ) 5o 81y,

agc:

10-14
EM = And? fne g dV,

Assume

emitting volume

\ 4

T, =|n, tg

»Reconstruct history of shock
heating

Recently (~500 yr) shocked material

\
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ecta

Puppis

'—Oxygen

A - Ej
.

— T 2.0

1.8

0/H

\

0.3

‘& 13.11.2025
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0.0
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Puppis A - Ejecta
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Puppis A - Ejecta and Hydrodynamics

* Abundance maps reveal clump of
silicon-rich ejecta material

‘:& 13.11.2025

-y

- Mayer+22

L 1 I |}
Silicon abundance
(solar units)
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Puppis A - Ejecta and Hydrodynamics

* Abundance maps reveal clump of
silicon-rich ejecta material

* Rapid neutron star motion

(~ 500 km/s; Mayer+20)

» Hydrodynamic kick: Recoil from heavy
ejecta elements (Wongwathanarat+2013)

‘:& 13.11.2025
-y

_Silicon abundance
(solar units)
- Mayer+22
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Puppis A - Ejecta and Hydrodynamics

* Abundance maps reveal clump of
silicon-rich ejecta material

* Rapid neutron star motion
(~ 500 km/s; Mayer+20)

» Hydrodynamic kick: Recoil from heavy
ejecta elements (Wongwathanarat+2013)

» Apparent disagreement between
silicon ejecta and recoil ~ 55°

13.11.2025

_Silicon abundance
(solar units)
- Mayer+22

L2S
L]
]
]
]
LS
“,
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Vela and Friends

eRASS:4 image of Vela (logarithrﬁic scale) »

* Vela: Very extended (~ 8°) core-collapse SNR
= Central energetic pulsar B0833+45
" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,
Espinoza+17)

0.7 =1.1ke¥

1.1 -2.3 ke
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Vela and Friends

° Vela: Very eXtCﬂded (N 80> COfC-COHapSC SNR i eRASS:4 image of Vela (linear scale)
1.1 —2.3 eV

Mayer et al. 2023
= Central energetic pulsar B0833+45

" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,
Espinoza+17)

\
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Vela and Friends

* Vela: Very extended (~ 8°) core-collapse SNR _ eRASS:4 image of Vela (linear scale)
0.7 —1.1keV

Mayer et al. 2023
= Central energetic pulsar B0833+45

" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,

Espinoza+17) . | vela Jrin eRASS:4
Camilloni+23

» Vela Jr: Purely nonthermal synchrotron SNR

\
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Vela and Friends

° Vela: Very eXtCﬂded (N 80> COfC-COHapSC SNR i eRASS:4 image of Vela (linear scale)
1.1 —2.3 eV

_ Mayer et al. 2023
= Central energetic pulsar B0833+45

" Nearby (~ 290 pc; Dodson+03)

" Age ~ 11 — 30 kyr (Aschenbach+95, Lyne+96,
Espinoza+17)

»Vela Jr: Purely nonthermal synchrotron SNR

» Vela X: Pulsar wind nebula of central pulsar

“vela X
_(Mayer+23)
>

\
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Vela and Friends

* Vela: Very extended (~ 8°) core-collapse SNR eRASS:4 image of Vela (linear scale)
5 Mayer et al. 2023
* Central energetic pulsar BO833+45 0.7—1L.1keV !
" Nearby (~ 290 pc; Dodson+03) Ll — 2.0 49V
. Age.N 11 — 30 kyr (Aschenbach+95, Lyne+96, , ‘ . Rice
Espinoza+17) , s e

»Vela Jr: Purely nonthermal synchrotron SNR

» Vela X: Pulsar wind nebula of central pulsar

: “Vela X
»cROSITA allows for disentangling thermal & . o pMayer+23)
nonthermal X-rays on large scales .

\
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Vela SNR - Intervening ISM

1 1 1 I | I I I I 1 1 1 1 T T | 0.80

) Foreground absorption column density
- Mayer+23 1 0.72

0.00

\
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Vela SNR - Intervening ISM

\

13.11.2025

0.80
0.72
0.64
0.56
0.48%

0.40=%
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Vela SNR - Intervening ISM

\

: | | — 0.80 T T T 1 L ' I
Ha line emission
] 0.72 - (SHASSA; Gaustad+01)
0.64 -
0.56 B
0.48",7-\ B

-t

0.24 -

0.16 -

0.08 -

] ] ] 0.00 ] ] ] ] ]
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Vela SNR - Ejecta
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Vela SNR - Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium

» Iron distribution
independent from
lighter elements
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Vela SNR - Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium

» Iron distribution
independent from
lighter elements

» General pattern:
Ne/O, Mg/O supersolar
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Vela SNR - Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium

» Iron distribution
independent from
lighter elements

» General pattern:
Ne/O, Mg/O supersolar

»Not reproduced in

nucleosynthesis models

(e.g. Sukhbold+106)
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X-ray Synchrotron Emission from Vela X

Vela PWN core

i Vela X iﬂ X—rays (pl'iOI' to CROSITA) (Durant et al. 2013, chandra.si.edu)
Compact PWN core with ,,jet and
equatorial torus (e.g., Helfand+2001)

\
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X-ray Synchrotron Emission from Vela X

| I 1 ] 1 1 I I I I I
e Vela X 1n X-rays (prior to eROSITA): ) eROSITA: Nonthermal intensity (1.0-5.0 keV)

Compact PWN core with ,,jet and " Mayer+23
equatorial torus (e.g., Helfand+2001)

1 1 1 1 1 | 1
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X-ray Synchrotron Emission from Vela X

| I 1 ] 1 1 I I I I I
e Vela X 1n X-rays (prior to eROSITA): ) eROSITA: Nonthermal intensity (1.0-5.0 keV) ¢

Compact PWN core with ,,jet and - Mayer+23 | d
equatorial torus (e.g., Helfand+2001)

|
—
(%]
o0
arcmin

»eROSITA reveals extended X-ray

PWN (~ 15 pc) 1407,

L"i-'l

147 B
. . . . €0
> Diffusion of multi-TeV electrons in G
. ) ~14.4 =
ambient magnetic field ~
=0

—14.6 =

~14.8

| 1 1 1 1 | ] ] 1 1 1 i l I l _150

l
\ o - o ,
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB
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The eROSITA All‘Sl(y Map eRASST all-sky image

Credit: MPE/IKI

SRG/eROSITA - o 0.3-2.3 keV - RGB
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SNR population in the LMC  giSESESiSs
 0.~'~7——. 1-.1:keV-' Adpes
* Large Magellanic Cloud (LMC) gy A
= Nearby (~ 50 kpc) Milky Way satellite U A
* Face-on & low foreground absorption (< 10%! cm)
" Close to eROSITA survey pole

» eROSITA all-sky survey (eRASS:5) provides most
sensitive X-ray view of LMC

» Full coverage of star-forming galaxy for

unbiased study of SNR population

\ e ek S5 i T : Ma'yerv+;25f"
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SNR population in the LMC

* Systematic SNR study in LMC finds 77 X-ray
bright SNRs and 13 new candidates
(Zangrandi+24)
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e 0
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SNR population in the LMC

* Systematic SNR study in LMC finds 77 X-ray
bright SNRs and 13 new candidates
(Zangrandi+24)

»?2 SNRs in far outskirts of LMC disk; Ejected
during tidal interactions? (Sasaki+25)

R

_Sasaki+25
»

\‘ : ] L . AL A S O A L ot
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SNR population in the LMC

F. Zangrandi+, submitted

* Systematic SNR study in LMC finds 77 X-ray 102F
bright SNRs and 13 new candidates 0 - iti“‘f‘c
(Zangrandi+24) XLFfﬂT;
— XLFm33 110
XLF
»?2 SNRs in far outskirts of LMC disk; Ejected . ==
during tidal interactions? (Sasaki+25) e} Lo
A
=
% . b leees Lo
1034 1035 1036 103?

0.3-8.0 keV luminosity (erg s1)
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SNR population in the LMC

F. Zangrandi+, submitted

* Systematic SNR study in LMC finds 77 X-ray 102F
bright SNRs and 13 new candidates f S : iti”‘"c
(Zangrandi+24) - XLF?;T
—— XLFm33 110
XLFm33 17

»?2 SNRs in far outskirts of LMC disk; Ejected

during tidal interactions? (Sasaki+25) e} 101
A
=

* Luminosity function reveals tail of X-ray bright
SNRs (Zangrandi+, submitted)
» Flatter slope due to active star formation? 100!

0% 10%  10%  10%
0.3-8.0 keV luminosity (erg s1)
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

13.11.2025

Martin Mayer - mgf.mayer@fau.de - NewAi

Effective area (c:mz}

Effective area (cmz)

10,000 |

1,000

100

10

10,000

1,000

100

NewAthena WFI and X-IFU effective areas
Cruise+25

— NewAthena/X-IFU

— XMM-Newton/RGS
— XRISM/Resoclve (GVQ)
— XRISM/Resclve (GVC)
— Chandra/HETG

1 10
Energy (keV)

— MNewAthena/WFI (no filter)
NewAthena/WFI (filter)

— XMM-Newton/EPIC

— XRISM/Xtend

— Chandra/ACIS
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity
(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,

Coulomb equlibration (X-IFU)

-y

0.1 g

2 ’ s . 10
\ nergy (keV
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Cas A with Chandra
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

Puppis A with eROSITA
Mayer+22

I T I T T T T I T j j T
XMM-RGS Spectrum 1
Katsuda+12 1
ol | | _
: "
-
u
0l ‘ } | .
SO0 B g N
s P
0 - —4—§.’§.‘y. P T S s = ._‘_‘_—.'
0.56 0.57 0.58
\ Energy (keV)
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

. gy - . . CEe S W omp05|te |mage
= Shock heating, non-equilibrium 1onization, M)t L X-ray: NASA/CXC/MIT/L.Lopez et al.

. . o S Infrared Palomar Radio: NSF/NRAO/VLA
Coulomb equlibration (X-IFU) '

" Charge exchange with neutral media (X-IFU)

3 4 5 6 7 8 9
Energy (keV)

" Reliable ejecta composition; rare elements XRISM Spectrum of SNR W49B
Audard+25
(X-IFU) . udard+
Tk NENEE . BnE
o'} | i
i I
\ 21 —— XRISM/Resolve MN’WWW
\ Suzakw XIS (scaled)
4‘& 5 13.11.2025 Mar " . . ‘ , . RE
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

o wi omp05|te lmage

= Shock heating, non-equilibrium 1onization, R "-':I. f,. drég PASA/%X%/MIL%%FEEKOE;V ilA
. . S RIC n rare alomar,. Radio.
Coulomb equlibration (X-IFU)
* Charge exchange with neutral media (X-1FU) L © XRISM (Audard+25)

" Reliable ejecta composition; rare elements
(X-IFU)

" Accurate kinematics of expansion (X-IFU)

|
S
<

|
5
S
<

Line-of-sight velocity Vi s (kms™)

I Cp 1'=3.3 pc |
\ F at 11.3 kpc
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

Vela PWN
Mayer+23

0.7— 1.1keV

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

" Reliable ejecta composition; rare elements
(X-IFU)

" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

\
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

Vela PWN

Mayer+23
-+
I‘T. v ‘ :

¢z
&
. 'lt

0.7— 1.1keV

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

N

" Reliable ejecta composition; rare elements
(X-IFU)

" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

\
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

" Reliable ejecta composition; rare elements
(X-IFU)

" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

» Sensitive SNR population studies in
local-group galaxies (WFI)

\
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

" Reliable ejecta composition; rare elements
(X-IFU)

" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

» Sensitive SNR population studies in
local-group galaxies (WFI)

\
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XMM-Newton & Herschel view of M31
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to study ,,stellar graveyard‘
OSITA Bubbles

: "}"Aﬂgjl physics, kitlimatics & populations of SNRs
" ' . |



Extra Slides eROSITA

\
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eROSITA DRi1: The Target Science

eRASS1 Cosmology constraints from galaxy cluster counts

Ghirardini+24
T T T T T
— WMAP9
Garrel et al. (2022) (XXL)
------- Bocquet et al. (2019) (SPT)
1.0f Bocquet et al. (2024) (SPT) ]
——- Mantz et al. (2015) (WtG)
. Abbott et al. (2020) (DES)
e g Chiu et al. (2023) (eFEDS)
@ BTN e
A \ S N
R R N
;Q::;:H;,_’i’ h__jf A
eRASS1 ACDM T i St S
O.7- mmm Planck CMB 2020 S !
—— eRASS1 ACDM + Planck CMB 2020
1 1 ] 1 1
0.1 0.2 0.3 0.4 0.5
Qm
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YZ Reticuli - The Nova Fireball

X-ray timeseries of YZ Reticuli
Konig+22

t,-4h b t, +4h
\
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YZ Reticuli - The Nova Fireball

X-ray timeseries of YZ Reticuli
Konig+22

—4h b t,+4 h

\
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Theinternational journal of science /12 May 2022

NOVA
HREBALL

reveals early stage of an
. explosion onawhite dwarf"

Lunar ambitions Financial risks Origins of life

The countries and Find and protect RNA and amino acids
companiesgearingup  vulnerable parts of work togetheron
foratriptotheMoon  the global economy early Earth
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Quasi-Periodic Eruptions

13.11.2025

a

1.2
1.0
0.8
0.6
0.4
0.2

Count rate (counts 1)

(1}

0.4

0.2

Count rate {counts s™7)

10712

10-18

eRO-QPE2, eRASS2Z, 23 June 2020

eRO-QPE2, eRASS2, 23 June 2020 b
Background -

B 0.6-2.3keV ;J 1004
s
P

;:ﬂ 10—1_
Cl 5
o
£

EII] @ 1072
o
[ | -
=

4 + + 0 + * 3 108
O
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Time - t.qq0 () Energy (keV)

eRO-QPE1, XMM-Newton, 6 August 2020

EPIC-pn, 0.2-10 keV
MOS2, 0.3-10 keV
MOS1, 0.3-10 keV

U, 344 nm

UVW1, 291 nm
UvmM2, 231 nm
UVW2, 212 nm

n —C}"_‘

-l a FIY
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eROSITA lightcurve & spectrum;
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Followup X-ray lightcurve
Arcodia+20
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Extra Slides Pulsars
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

NewAthena Science Areas
the-athena-x-ray-&bservatory.eu

\ T v '
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

» Physics of individual SNRs

= Shock heating, non-equilibrium 1onization,

Cas A with Chandra
https://chandra.harvard.edu/

C()ul()mb equhbrati()n (X-IFU) Electron-proton equilibration in Cas A with XRISM (Suzuki+25)
102 (b)
s tp=0l
2P e
¢ [p=0.01 &
S ’ SES %E2
E’ 10° 3
5 E
Q 5
5101}
= 10 Fﬁ = ﬁmin
I v, = 1600 km s~
1072

| SEPEPITTTY EEPERETTY BT BEPEPTTTS BEPEPTTTY EEPEFTTTT T |
10° 10’ 108 10° 1010 1011 1012 1013
T(cm™3s)
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

~ Optical View of M31 with X-réy SNRs
Q.- " Sasaki+12

» SNR microphysics:

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

" Reliable ejecta composition, rare elements
(X-IFU)
" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

© SNR candidates
O no SNRs

» Sensitive SNR population studies in
local-group galaxies (WFI)

\
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SNR Science with NewAthena

* Vast improvements in imaging sensitivity

(WFI) & spectral resolution (X-1FU)

~ Optical View of M31 with X-réy SNRs
Q.- " Sasaki+12

» SNR microphysics:

= Shock heating, non-equilibrium 1onization,
Coulomb equlibration (X-IFU)

" Charge exchange with neutral media (X-IFU)

" Reliable ejecta composition, rare elements
(X-IFU)
" Accurate kinematics of expansion (X-IFU)

= Large-scale nonthermal emission (WFEI)

© SNR candidates

O no SNRs

» Sensitive SNR population studies in
local-group galaxies (WFI)
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Extra Slides Pulsars

\
‘& 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar 92 @

-y



Introduction: Neutron Stars & Pulsars

\

v

13.11.2025

Zoo of non-accreting neutron stars
(Credit: ATNF pulsar database, Manchester et al. 2005)

|
Radio pulsars
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Introduction: Neutron Stars & Pulsars

Zoo of non-accreting neutron stars
(Credit: ATNF pulsar database, Manchester et al. 2005)

° : _ . Radio pﬁlsars .
Rotation powefzed pulsa.rs. Energy for 100l o Vagnetan
emission supplied by spin-down o INSs
. || m ccos
" Young energetic pulsars (e.g. Crab, Vela)  10F— )
= Millisecond (,,recycled®) pulsars: e e
. . . IS L
Small periods due to accretion-induced —~" o
. . . . ! N
spin-up in binaries 2 - o
Q~< 10 16 _ - » o o
. .. - ' \\\:3" \
» Nonthermal magnetospheric emission from | S et _
accelerated electrons at radio, X-ray & P DO NI o -
gamma-ray energies 1020 _-I{”_?"" P o e T _
-.-‘?s%.‘;:w-.--. ”‘_’f,
T 0%q e
< | _ = - I 1 I
1079 102 10" 10 10
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Introduction: Neutron Stars & Pulsars

* Rotation-powered pulsars: Energy for

10 10
emission supplied by spin-down

" Young energetic pulsars (e.g. Crab, Vela) 10"

= Millisecond (,,recycled®) pulsars:
. . . 14
Small periods due to accretion-induced ~ ~"
spin-up in binaries 2
A
» Nonthermal magnetospheric emission from

accelerated electrons at radio, X-ray &
gamma-ray energies

13.11.2025

Zoo of non-accreting neutron stars

(Credit: ATNF pulsar database, Manchester et al. 2005)

Radio pulsars |-
Magnetars

INSs
CCOs

T JII”’I"(‘
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Introduction: Pulsar Wind Nebulae

Crab nebula in X-rays over time

* PWN: Nebula of electrons (& positrons) ester et al. 2002 NASA, JPL-Caltech
accelerated in young pulsar magnetosphere

» GeV to TeV (PeV?) energies

* Typical magnetic field ~ 10> - 10* G
» Synchrotron emission from radio to X-rays

 Ambient radiation field

» Inverse Compton scattering powers gamma-rays

\
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Introduction: Pulsar Wind Nebulae

Crab nebula in X-rays over time

* PWN: Nebula of electrons (& positrons) ester et al. 2002 NASA, JPL-Caltech
accelerated in young pulsar magnetosphere

» GeV to TeV (PeV?) energies

* Typical magnetic field ~ 10> - 10* G
» Synchrotron emission from radio to X-rays

 Ambient radiation field

» Inverse Compton scattering powers gamma-rays

» X-ray studies of PWNe:

" TeV-electron population & distribution

" Magnetic field strength & morphology

\
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Vela X & PWN Evolution

Giacinti et al. (2020)

Stage 1 (t < 10 kyr)

pulsar
velocity
-

ISM density
gradient

(in all 3 panels)

Stage 2 (t ~ 10 - 100 kyr)

—

SNR -\

-~
~ 7 ~, supernova
~ ~ _~ remnant

e pulsar

pulsar wind
O term. shock

@ pulsar wind
nebula

>10 TeV et~
(o~ trajectory

:,_.._-.'-""l“h‘l-?""'.l'_—_i - 1 TE’V
e, gAMMa-rays

"""""""""""

Stage 3 (t > 100 kyr),."

VU TTITTY
YT [0
i

SNR

Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar 98



Vela X & PWN Evolution

 Cocoon as relic PWN?
(Slane+18)

* Extended emission
through diffusing

electrons?

> Radiative losses soften
and limit extent of
emission:

dE/dt &< - (Ug + U,) E?

\

13.11.2025

Giacinti et al. (2020)

Stage 1 (t < 10 kyr)

pulsar
velocity
-

ISM density
gradient

(in all 3 panels)

Stage 2

ISM

(t ~10 - 100 kyr)

.~ 7~ supernova
« ~ _~ remnant
e pulsar
pulsar wind
O term. shock
@ pulsar wind
nebula
>10 TeV e~

(I~ trajectory
e s 1 TeV

"""""""""""

SNR
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Particle Diffusion in Vela X

13.11.2025
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Particle Diffusion in Vela X

. Mayer+23

UL
-
o
Lo}
o

—13.5

—-14.0

—14.5

Synchrotron intensity (1.0-5.0 keV)

s.l||||I||||I|||

—15.0
0 60

13.11.2025
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Particle Diffusion in Vela X

* Synchrotron emission from relativistic Mayer+23
§ 5 T | N DR D N N Y RN I DN N BN NN R R N RN B N 360°
electrons diffusing through ambient _ N ]
' e 2 © . 315°
medium E RS oo ]
© 135 3 -
Lo B ! _ 270°
CI)' i 7 )
.:;:: : : 225° g
g —14.0 : : 180° g
c = . =
E - : 135° n%_’
o 45 — 90°
< - 4
(&) L
c
> e
«n B ' |‘
_15.0 | | | 1 1 | | ] | .l _l 4l
0 60 180

Radius from pulsar (arcmin)
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Particle Diffusion in Vela X

* Synchrotron emission from relativistic Mayer+23
§ 5 T | N DR D N N Y RN I DN N BN NN R R N RN B N 360°
electrons diffusing through ambient _ N ]
; = -, @ o . 315°
medium [ I s . ]
o 135} ® -
Ty @ i 270°
CI)' i 7 )
ot : i i . 225° E,,
» Characteristic physical extent T 1a0f 1 M. 2
. . c o
(Abeysekara+17) limited by energy loss & [ I =
1/2 s I 1 [* &
o = (4D71) o - . e
o 45 — 90°
= - 4
(] L
S B
m — i
~15.0 [ T N B L1 | .l _l .:i
0 60 180

Radius from pulsar (arcmin)
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Particle Diffusion in Vela X

* Synchrotron emission from relativistic Mayer+23
. : : | 1 1 I I | | 1 I I I | | I I I 1 | I 3600
electrons diffusing through ambient wsE -
medium 9 C : 4 ° E 315°
= 40 5 oo, | 't i ,00‘ w:' 3 :Oo,o';: 270°
E E ' 9%’ () i{a g’ T a &] ?% 'V " f'.o’ E o
. . 2 35F ] o 94 iadieeBetiil 1A SR IRINH 225" ©
» Characteristic physical extent £ F [ i ’;; 67 180° £
. = P 2 lrslEpled- - 4
(Abeysekara+17) limited by energy loss s F { B A {;ﬁ wor 3 =
= C 985 [ colet [ 1T 9 daik I 135°
o B ’ ot 70 | 2 .“»" | QQ i o
rp = (4D1)'/? 2 25 F-p TR T ey o ] ! ¢
g B °¢' oo 5 7] 90°
»Spectral softening consistent with L] S i 1 1.
radiative energy losses (Tang+12) N T I
0 60 120 180

Radius from pulsar (arcmin)
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Particle Diffusion in Vela X

* Synchrotron emission from relativistic Mayer+23
: : . IR SR R B RN R N N N R Y RN R R R B R E— 360°
electrons diffusing through ambient wsE ]
medium C . ® _ - 315°
?f) 4.0 : ¢ | oo 00 1® " 4’:
- B , (\D o 9 AP L T 7 | i
. . s 35 ] b °$w¢ el ® ' SaNd fz =
» Characteristic physical extent £ Tl B T (T 180 -
. . — G 170 of fﬁt‘ o Il t 22 . C = ° <
(Abeysekara+17) limited by energy loss s °°F { FRRap L el .’. -l E =
= [ Qalless ! &90-0' oL [ 1 el : 135° &
o — - Bt T Ol 3 wf[IDAE: I o
rp = (4D7)'/? £ osf-pAliRE T : =
. . . g E ‘«, om' | oo 0 | E 900
»Spectral softening consistent with L] S 1 1.
radlatlve energy losses <Tang+12> 1.5 . Ll I I N NN N NN (NN (NN NN NN N N SN (NN N N . 0°
. 0 60 120 180
» For typlcal ISM B-field ("“ 3 MG)! Radius from pulsar (arcmin)

D =3.67%x 10 cm*s™!
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Multiwavelength View of Vela X

X-ray synchrotron emission originates from multi-TeV electron population

170 — 231 MHz 1.95 —2.30keV >1.0TeV

Radio (Hurley-Walker+17) S — Nonthermal X-rays (eROSITA, Mayer+23) TeV gamma-rays (HGPS, H.E.S.S.+16)
\ s - Lo
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Multiwavelength View of Vela X

X-ray synchrotron emission originates from multi-TeV electron population

»No apparent counterpart in the north in TeV & radio bands

170 — 231 MHz 1.95 —2.30keV >1.0TeV

Radio (Hurley-Walker+17) Nonthermal X-rays (eROSITA, Mayer+23) TeV gamma-rays (HGPS, H.E.S.S.+16)
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Middle-aged pulsars in TeV gamma-rays
(HAWC+17)

Geminga #

PSR B0656+14

13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar

e > 1 TeV
e, % gaMma-rays

Pulsar Halos in X-rays?

Giacinti et al. (2020)

Stage 1 (t < 10 kyr)

pulsar
velocity
-

ISM density,
gradient

(in all 3 panels)

Stage 2 (t ~ 10 - 100 kyr)
Sy LY '\

SNR -\
E, -
& L
L3 o
¥ ST,
1A -

PN

ISM h¥

~ =, supernova
~ ~ _~ remnant

e pulsar
pulsar wind
O term. shock
pulsar wind
nebula

>10 TeV e~

(O~ trajectory

Stage 3 (t> 100 kyr) —

halo

SNR
ISM




Pulsar Halos in X-rays?

Giacinti et al. (2020)

Middle-aged pulsars in TeV gamma-rays
(HAWC+17)

pulsar
velocity
-

Geminga #

ISM densit%

gradient
PSR B0656+14

Stage 1 (t < 10 kyr)

(in all 3 panels)

Stage 2 (t ~ 10 - 100 kyr)

—

ISM

S N 5 \,

SNR

~

e pulsar
O
<4

nebula

»ISM B-field should produce
detectable synchrotron emission

(Li+2023)

\

13.11.2025

” —| supernova
~ ~ _~ remnant

pulsar wind
term. shock

pulsar wind

>10 TeV et~
'~ trajectory

W > 1 TeV
. gamma-rays

Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar

Stage 3 (t> 100 kw.)~“| T
© _ halo

SNR
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Pulsar Halos in X-rays?

Middle-aged pulsars with eROSITA
(Khokhriakova+24)

* Systematic study of (candidates e : X
for) pulsar halos with eROSITA £ Tt R . - W@
(Khokhriakova+24) E o pes 3 |

3 o » . 4 .
\
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Pulsar Halos in X-rays?

* Systematic study of (candidates
for) pulsar halos with eROSITA

(Khokhriakova-+24) g Y Y e

......
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“
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-
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.
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Middle-aged pulsars with eROSITA
(Khokhriakova+24)
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Pulsar Halos in X-rays?

* Systematic study of (candidates
for) pulsar halos with eROSITA
(Khokhriakova+24)

* No significant detections

»B < 1.4 uG (Geminga); multiple
pulsars below typical ISM wvalues

» Consistent with XIMM-Newton
(Liu+19, H.E.S.S.+23)

13.11.2025

- ~,

.....

P .,

. - -

BD&S&+.1§,

.....
o

Pulsar name

CR;

CRy,

FuL

(cts s7! deg‘z) (ctss™' deg™?) (ergs~!cm™ deg™?)

Geminga
B0656+14

§J0633+0632

JO631+1036
B0540+23

13.51 £ 0.21
15.26 + 0.23
17.71 £ 0.23
11.24 + 0.19
17.85 £ 0.21

14.00 = 0.14
14.13 £ 0.14
17.27 £ 0.21
11.37 £ 0.13
16.97 + 0.14

4.69 x 107
1.89 x 1071
1.55x 107"
7.30 x 1071
1.73x 107"

.......

. " — /
> - ~ ’
o’ o

.
_______
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Middle-aged pulsars with eROSITA
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G321.3-3.9 - An Elongated, Iron-Rich SNR

* 1.5 deg, elongated SNR, with X-ray emission
filling radio shell

» Brightness around 1.0 keV implies iron-rich

ejecta, 1.e. Type la supernova?

» Strong asymmetry (due to environment or
explosion) implies core-collapse supernova?

&

Radio (blue) & X-ray (red, green) composite image
Mantovanini+24
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SNR population in the LMC

* Systematic SNR study in LMC finds 77 X-ray

F. Zangrandi+, submitted

. . 1038
bright SNRs and 13 new candidates == n0 =10
. --- n0=0.1
(Zangrandi+24) o 0 - 0,01
103? + I,’ \\ * cC
s M B la
. | - il S Ry ,
»?2 SNRs in far outskirts of LMC disk; Ejected S s ® . * * _j) e
during tidal interactions? (Sasaki+25) %1035_ . * TN
'E __--"’,‘ "
o - o
. o . E r’.‘ 3&9 C:’itr I‘?
* Anticorrelation of SNR size and X-ray £ / o o &
. 310%! o & @ Jop
luminosit o o @07
Y o O
* f m —_qg__..—"/ (ﬁi G;% m
» Different density regimes probed by SNR 10% % Hj
evolution 10 100
Size [pc]

\
“&-’ 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar 115 @

-y



Diffuse X-rays from the LMC

* Large Magellanic Cloud (LMC)
" Nearby (~ 50 kpc) Milky Way satellite
* Face-on & low foreground absorption (< 10%! cm)
" Close to eROSITA survey pole

» eROSITA all-sky survey (eRASS:5) provides most
sensitive X-ray view of LMC

>Supernovae and stellar winds produce hot ISM
phase

\
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Diffuse X-rays from the LMC ersS 5 image

* Large Magellanic Cloud (LMC)
" Nearby (~ 50 kpc) Milky Way satellite
* Face-on & low foreground absorption (< 10%! cm)
" Close to eROSITA survey pole

» eROSITA all-sky survey (eRASS:5) provides most
sensitive X-ray view of LMC

>Supernovae and stellar winds produce hot ISM
phase

Mayer+25

\
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Multiwavelength
View of the LMC

Radio: Cosmic rays
HI: Cold gas

Far/Mid infrared:
Cold/warm dust

Near infrared:
Stellar mass

Optical lines:
HII regions & SNRs

X-rays:
Ditfuse, hot plasma

‘:& 13.11.2025

-y

. »

139+ 170 MHz

ATCA/Parkes
Kim+03, Tsuge+24

1.5 pm

IRAC ;
Meixner+06 2% Smith+05

Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar

160 pm

SPIRE / MIPS
Meixner+10/+06

eROSITA
Mayer+25




Extra Slides Vela
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Imaging & Morphology

0.2 —-0.3keV

—40°

* Complex energy-dependent morphology
with multiple components
= Soft band: Diffuse shell & thick tangential

filaments g
= Medium band: Thin radial fingers & clumps .%'
= Hard band: Nonthermal emission from Vela X & k= 3
Vela Jr. g !
)
-
o
LO
|
135° 130° 29" 120°
Right Ascension
3 rd
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Vela SNR Morphology

* Complex energy-dependent morphology eRASS:4 image of Vela (linear scale)

1.1 —2.3 eV

. . Mayer et al. 2023
with multiple components

= Soft band: Diffuse shell & thick tangential
filaments

= Medium band: Thin radial fingers & clumps

= Hard band: Nonthermal emission from Vela X &
Vela Jr.

\
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Vela SNR Morphology

* Complex energy-dependent morphology eRASS:4 image of Vela (linear scale)

1.1 —2.3 eV

. . Mayer et al. 2023
with multiple components

= Soft band: Diffuse shell & thick tangential
filaments

= Medium band: Thin radial fingers & clumps

= Hard band: Nonthermal emission from Vela X &
Vela Jr.

\
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Vela SNR Morphology

* Complex energy-dependent morphology eRASS:4 image of Vela (linear scale)

1.1 —2.3 eV

. . Mayer et al. 2023
with multiple components

= Soft band: Diffuse shell & thick tangential
filaments

= Medium band: Thin radial fingers & clumps

= Hard band: Nonthermal emission from Vela X &
Vela Jr.

\
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Vela SNR Morphology

* Complex energy-dependent morphology eRASS:4 image of Vela (linear scale)

1.1 —2.3 eV

. . Mayer et al. 2023
with multiple components

= Soft band: Diffuse shell & thick tangential
filaments

= Medium band: Thin radial fingers & clumps

= Hard band: Nonthermal emission from Vela X &
Vela Jr.
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Vela Jr — a Pure Synchrotron Shell?

eRASS:4 RGB image |
Camilloni+23

0.7 - 1.2 keV

I ’
A
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Vela Jr — a Pure Synchrotron Shell?

Camilloni+23 eRASS:4 RGB image
Camilloni+23
0.7 - 1.2 kKeV

1.2-1.3 keV

\.
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Vela Jr — a Pure Synchrotron Shell?

-

* X-ray synchrotron emission fills shell “ B FLCE image |
0.7 - 1.2 KEV

Camilloni+23

* No hint of associated thermal emission (but
morphological separation challenging)
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Vela Jr — a Pure Synchrotron Shell?

* X-ray synchrotron emission fills shell
0.7 - 1.2 KEV

* No hint of associated thermal emission (but
morphological separation challenging)

e Fits with loss-limited acceleration model
(Zirakashvili & Aharonian07):

Region N_H(102cm™) V' (kms™)

1 0.36°002 2330719 o
) 0.23°00! 2460+21 Camilloni+23, Allen+15
3 0.567¢2 2380°1 2140kms! ), »
4 0.63+042 190070 b= D20masyr— 1B~ 110075 pe.
5 1.037004 102073
6 0.77°0 00 111070
7 0.334002 3400730
A
_& 13.11.2025 Martin Mayer - mgf.mayer@fau.de - NewAthena Webinar
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eRASS:4 RGB image |

-

128

Camilloni+23
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Results: Nonthermal Emission

* Vela X, prior to eROSITA:

" Compact PWN core with ,,jet” and
equatorial torus (e.g., Helfand+2001)

= X-ray synchrotron emission in
,,Cocoon‘ visible with ROSAT &

XMM (e.g. Markwardt+1995,
Slane+2018)

»Now: observe much larger size of
pulsar‘s diffuse X-ray nebula, with
radial extent of 2° - 3°

Slane+18:
XMM view of Vela X (0.9-2.4 keV)

\
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Spectral model

Absorbed plasma in NEI + nonthermal component

TBabs*( +powerlaw) + backgrund
» Photon index in region 2 too steep (I = 4)

» Hard to constrain kT, T individually

v
S
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41)

“lyxe
“1xeV
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Normalized Counts (s
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Spectral model

Two absorber plasmas + nonthermal component

TBabs™*(

» Mean plasma temperature more well-defined

41)

V
_
o
S

Normalized Counts (s ! ke
(=]

| | | |
o B W N R, O R, N W
? T 1

+vapec+powerlaw) + background
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Fits with
NEI Plasma

13.11.2025

Declination

Declination

Declination

—40°

(=3
0 -

i o135° 130° 125°
Right Ascension

0.0

135° 130° 125°

Right Ascension

130° 125°
Right Ascension

12.8

10.4

10.0
5.0

4.5

4.0

3.5

3.0

2.0

1.5

1.0

0.5

0.0
-13.2

-13.4

|
N
o
o

-13.8

-14.0

-14.2

-14.4

log =y (ergem %s~ ! arcmin %)

-14.6

-14.8

-15.0



Spatially resolved spectroscopy

1.1 —2.3 eV
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Spatially resolved spectroscopy

* Adaptive Voronoi binning
(Cappellari+03)

» Around 500 spectra with uniform
statistics (~ 10* X-ray photons)
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v

Spatially resolved spectroscopy |7
:
* Adaptive Voronoi binning % 1
(Cappellari+03) R

| 'I"Bébs'*(vépec+vapec-|-power'law)
- + background

» Around 500 spectra with uniform
statistics (~ 10* X-ray photons) =

|
o WP, O R, NMW
o [T—F—F 1

T HW ik

—-_:._

_t
_|_
|

“lh ml

» Characterize thermal & nonthermal
components via spectral modelling

\ 1 1
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Vela SNR - Intervening ISM

\

) Foreground absorption column density
- Mayer+23

— 0.80

0.72

0.64

0.56

)

0.489

0.40%
=

cm

J’V]] ( 1

0.32

0.24

0.16

0.08

0.00
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Vela SNR - Intervening ISM

— 0.80

Foreground absorption column density
- Mayer+23 - 0.72

0.64

0.56

)

0.489

m

Y

0.40=

C

n (10

0.32 ;.

N

0.24

0.16

0.08

1 I 1 1 1 1 I | | | 1 I 1 1 ] 0.00

\
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Vela SNR - Intervening ISM

Optical Extinction towards Vela

—_— 0.80 (StarHorse, Anders+22)
Foreground absorption column density =0
- Mayer+23 - 0.72 0.45
= 0.64 .
L 0.56 0.35
- 0.487 0.30
3
— 5 0.25 %
i
= 0.20
i 0.32 .=
Z,
0.15
| 0.24
0.10
- 0.16
0.05
- 0.08
0.00
1 I 1 1 1 1 I 1 L 1 1 I 1 1 L 0.00

~

‘/
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Vela SNR - Intervening ISM

Optical Extinction towards Vela

L ————— 0.80 (StarHorse, Anders+22)
Foreground absorption column density =0
| . 0.72
Mayer+23 0.45
| 1 0.64 0.40
L . 0.56 0.35
I ] 0.48% 0.30
— fa) /m--:'> 0.25.5
Anticorrelation? -
- ] 0.32 .= '
<
0.15
| . 0.24
0.10
- . 0.16
0.05
- . 0.08

0.00

1 I 1 1 1 1 I | | | 1 I 1 1 ] 0.00
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Vela SNR - Ejecta in Shrapnels

Mayer+23

\ ™
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Vela SNR - Ejecta in Shrapnels

~~

Mayer+23

1000.0

100.0 |-

10.0 B~

Normalized Counts (s ' keV ™!

\
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Vela SNR - Ejecta in Shrapnels

~~

Mayer+23

1000.0 Temperature
gradient

100.0 |-

10.0 B~

Normalized Counts (s ' keV ™!

\
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Vela SNR - Ejecta in Shrapnels

~~

Mayer+23

1000.0

100.0 |-

10.0 |+

Normalized Counts (s ' keV ™!

0.2 0.5 1.0 2.0

E(keV)

»Hot & pure light-element ejecta at the apex;
cooler shocked ISM along the sides
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Results: Absorption & Plasma Temperature

\

L column density

Foréground absorptil)n

I I 1 1 | I I I 0-80

. 072

0.64

0.56

0.48

0.32

0.24

0.16

0.08

1 1 1 1 | 1 1 1 000

13.11.2025

)

™
|

-

cm

0.40%
=

Ny (1

>v'\/eig',hte'ol

I
mean temperature
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Results: Absorption & Plasma Temperature
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Comparison with o
ROSAT (Lu &
Aschenbach, 2000)
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Results: Ejecta
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Results: Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium
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Results: Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium

» Iron distribution
independent from
lighter elements
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Results: Ejecta

* Correlated abundance peaks
of oxygen, neon,
magnesium

» Iron distribution
independent from
lighter elements

» General pattern:
Ne/O, Mg/O supersolar

» Reproducable in low-
metallicity model?
(Nomoto+00)
‘:& 13.11.2025 Mar

-y

0.50

0.20

0.10

=
5

0.05

Observed composition
O Nomoto et al. (2006)

\M=15M,; E=1 x 10°'erg; Z = 0.001
MNe/M() = 06485 MMg/M() =0.224
(Nomoto et al. 20006)
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Results: Shrapnels A, B, C
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Results: Shrapnels A, B, C
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Results: Shrapnels A, B, C
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Results: Shrapnels A, B, C
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»[ron ejecta present in silicon-tich (Katuda+0s),
fast shrapnel A?
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Results: Ejecta in Shrapnel D
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Results: Ejecta in Shrapnel D

~~
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Results: Ejecta in Shrapnel D
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Results: Ejecta in Shrapnel D
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» Hot light-element ejecta at the apex; cooler
shocked ISM along the sides

eROSITA



Shrapnel D: Simulations (Miceli et al. 2013)

Miceli+13: Simulation of an ejecta clump protruding into the unshocked ISM

T [MK]

0.5 6.4 12.3 18.2 241 30

-26 -24.75 -23.5 -22.25 -21
Log p [gm cm?]

» Unexpected temperature structure?
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More Ejecta Clumps
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More Ejecta Clumps

0.7—-1.1keV
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More Ejecta Clumps

0.7—-1.1keV
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» Silicon abundance varies between individual

clumps
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Spectrum at the shock front
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Spectrum at the shock front
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Spectrum at the shock front
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»Spectral differences mostly due to different
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Nonthermal Photon Index & Surface Brightness
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! Powerlaw spectral index

Nonthermal Emission in
radial projection

;}%

' Nonthermal intensity

13.11.2025

T T T T T T T T T T T T T |
_\ o ) _
~~ - . _
a ]
lE —13.5 = & N\ <} -
g i ® ]
S A Y -
< = @ P i i
| - N 4
N:n —14.0 l{ 9 = f g l -
| | ’ -
E | e - \‘h: i
h B i o ‘1\ l’ " 1 ”? ]
<z - ‘: \ 1 i
- _ | -
Ll 14.5 i I ql; | |
B DRk 0%
[
i Iiuh.~ !‘! i
—-15.0 ] ] ] ] ] ] ] ] ] ] !‘-\JI\
60 120 180
L L L L L N N BN Y N B B |
4.5 -
- T 2@ Ny
- [T [|o® Proo ¢ /o 4:
4.0 : Qo0 I ",_ ?m'.‘ 1 I’a’ :
- =T 4 W T o ] db . * o |
B 1l 9 ® i‘ ) ‘ 3 0?; I.D‘ ‘:!" ] O 7]
3.5 1 od | tIlealefSt T 5 AR &
R 00 T ‘.o ¥ |4 ioiu B I"” F © % il
- LT Tl Eehee e B o N
— B ! higlt 'lj1 t!l 3 I e '.- D | (/“O { ) |
3.0 n b2 | Hi lu n' ' ‘.lfl PO R 1 fleg
- LR SR ISTHIBTE AT 0 fo Mg | s
- R : I!L‘I(;H'E‘I' g Lot oo 1 .
25 4 Lo & @ # o |
| ‘!.% 1 b 1]
|- [ L 0'_ -
- ] 71 "o [ % 1 )l .
20F o3 ] -
1.5 [ N N N T NN T TN N NN N N N N L1
0 60 120 180
rpsy (arcmin)
167

Martin Mayer - mgf.mayer@fau.de - NewAthena webinar

360°

315°

270°

225°

180° &

135°

90°

45°

00

360°

315°

270°

225°

180° &

135°

90°

45°

00



\

Nonthermal Emission in

radial projection II

Nonthermal intensity
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Bayesian Evidencein & 50
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