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Ou’rliﬂe:

e The eROSITA X-ray Observatory
- Synergies with other observatories
- Motivations, mission design & insfrumentation, status
e Why are we studying X-ray emission from SNRs
e The missing SNR problem
 New SNRs in the eROSITA all-sky survey, e.g., Hoinga, G321.3-3.9
e Studying large nearby SNRs with eROSITA




X-ray astronomy by default is multi-wavelength astronomy

For a complete understanding of SNR physics, observations at all wavebands are essential

INFRARED VISIBLE LIGHT ULTRAVIOLET GAMMA RAYS

SNR research, a truly multi-wavelength business




Current and Future Observatories

VLT / ATCA / Parks / Effelsberg / GBT / FAST

MeerKAT + ASKAP + MWA

KECK /GEMINI/ SUBARU / VLT / Hobby-Eberly

HST
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The Way to eROSITA

Spectrum-XG
Jet-X, SODART, etc

ROSAT 1990-1998

First X-ray all-sky survey
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ABRIXAS 1999

To extend the all-sky survey
towards higher energies

Negotiations between Roskosmos and ESA
on a "new" Spectrum-XG mission (2005)

Agreement between Roskosmos and DLR (2007)

ROSITA 2002
ABRIXAS science on the
International Space Station ¢

Dark Energy

10° Clusters of Galaxies

xtended entgen urvey withan
maging elescope




eROSITA: Main instrument on Spectrum-Rontgen-Gamma

ART-XC telescope
4-30 keV

eRosita telescope
0.2-10 keV

Solar panel
(during the actual flight
it would point away from the radiator)

Navigator service module  Radiator







ROSITA







135 luly o010, 0729

credit: Roscosmos




eROSITA: Mission geometry during the all-sky survey

eROSITA L2 halo-orbit

Observing
Direction

SRG is continuously rotating around the z-axis, which always points to the Earth
Survey: ~4 hr/revolution, 6 scans per day, 2 deg/day - 3600 in 180 days







Instrument specification & “planed” mission scenario

e Energy range ~ 0.2 - 10 keV

e FOV: 1 degree

e Temporal resolution ~ 50 ms

* Angular resolution ~ 26" in survey mode (15" in pointed mode)

e Energy resolution ~130ev @ 6 keV / 80 ev @ 1.5 keV

o All-sky survey sensitivity ~6 X104 erg cm= s (about 4-5 x ROSAT by now)

* Launched in June 2019
« 3-month calibration & science verification phase
 eRASS1 started 15. Dec. 2019

 meanwhile, 4 1/3 all-sky surveys were completed --




eROSITA's effective area
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Collecting power at 1keV comparable with XMM-Newton




eROSITA: Science Goals ....

Detection of 100.000 clusters of galaxies
- exploring the nature of dark energy

Detection of ~3 Mill. AGN, many of them
hiding behind obscuring gas and dust clouds

+ Relevance for lots of other galactic
scientific topics like SNRs, PSR, PWNe, stars, ...

eROSITA, quasi-unlimited FOV in survey mode




eROSITA: Science Goals ....

Detection of 100.000 clusters of galaxies
- exploring the nature of dark energy

Detection of ~3 Mill. AGN, many of them
hiding behind obscuring gas and dust clouds

+ Relevance for lots of other galactic
scientific topics like SNRs, PSR, PWNe, stars, ...

eROSITA, quasi-unlimited FOV in survey mode

best suited to study diffuse X-ray emission from
large and low surface brightness objects, e.g.,
faint and large supernova remnants




ROSAT All-Sky Survey 1990/91




SRG/eROSITA | e T 0.3-2.3 keV - RGB

0.30 — 0.64 keV
G: 0.64 — 1.06 keV
1.06 — 2.30 keV




SRG/eROSITA « D 0.3-2.3 keV - RGB




eROSITA on
Supernova Remnants




The end-state of stellar evolution depends only on the initial star mass!

e M=1-8 Mg : The star will evolve to become a white dwarf which might explode

in a Nuclear Carbon detonation SN
e M>8-30 Mg : The star will undergo a core-collapse SN and forms a Neutron Star

e M>30 Mg : The star will undergo a core-collapse SN and forms a Black Hole

SN rate in our Galaxy: ~2-3 SN per 100 yrs

SN = SNR:

The ejected matter of the SN mixes with the ISM and forms an expanding shock wave

If the SNR lifetime is ~60.000 — 100.000 yrs, 1200 — 2000 SNRs should be visible anytime.

- Currently, only about ~300+ SNRs are known in our Galaxy.




What motivates us to study the diffuse X-ray emission from SNRs...

Open questions across different areas of physics:

- Particle acceleration
What are the dominant mechanisms for cosmic ray acceleration at SNR shocks?e

> Shock physics Y &

How does the shock structure change from young remnants to older, more diffuse systemse

- Plasma processes

What is the role of charge exchange processes in shaping the X-ray spectra of SNRs?

- Interaction with the ISM

How do SNRs interact with molecular clouds, stellar winds, or pre-existing cavitiese
How do variations in ISM density and composition affect the observed X-ray properties?

= What is the SNR lifetime?
How does the X-ray emission correlate with radio, optical, and gamma-ray observations of SNRs?




Massive discrepancy between the expected number of SNRs and the known ones

Observed distribution of 215 SNRs with known distance Expected distribution of 1050 SNRs
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- SNR density, on average 0.8 SNR/kpc? -> Expected SNR density: 3 - 5 SNRs/kpc?




Galactic Longitude

0°

75,000 ly

CENTAURUS

CARINA
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SRG/eROSITA g - . . 0.3-2.3 keV - RGB

. G249.5+24.5 = Hoinga
o0 WeRASS discovery!

0.30 — 0.64 keV
G: 0.64 — 1.06 keV
1.06 — 2.30 keV




Hoinga - The largest SNR ever discovered in X-rays

An SNR at galactic latitude of +24.5°
was not expected and, indeed, hard to predict!

Source extent: 4.4 degrees diameter

Hoinga shows a circularly shaped
morphology with diffuse X-ray emission
filing the entire remnant
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expanding into a relatively uniform
dense region

< Image adaptively smoothed

0.2-0.7 keV
0.7-1.0keV
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RIGHT ASCENSION (2000)




Hoinga - The largest SNR ever discovered in X-rays
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All central sources were identified to be of
extragalactic origin

All 11 sources detected within Hoinga are

found to be either foreground or background
sources unrelated to the remnant

RIGHT ASCENSION (2000)




Hoinga — Radio Pulsar connection

Radio pulsars and their PM within 20°

* proper motions
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- None of the known radio pulsars seems to be associated with the remnant




Hoinga's X-ray emission properties:

Spectral analysis: Data selection
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Background region
(point source contribution was removed)

Source region
(point source contribution was removed)

RIGHT ASCENSION (2000)




Hoinga's X-ray emission properties:

— Folded Source Model
+ TM1
T™M2
+ TM3
+ TM4
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APEC spectrum from collisionally-ionized diffuse gas:

> Gas temperature kT =0.1¥002 keV

(Data - Model)/Error
W N R, O R, N W R

> Column density Ny = 3.6%07 100 cm=2

Energy (keV) | Ny through the Galaxy towards Hoinga is 6 x 1020 cm




Hoinga — Does it have a radio counterparte

We've studied radio data from the
- Galactic and Extragalactic All-sky Murchison (GLEAM) Survey
(performed between 72 and 231 MHz, angular resolution 2 arcmin)

- All-sky 408-MHz “Haslam™ survey performed with the Green Bank and Parkes Radio telescopes
which, as of today, remains the lowest-frequency total-power measurement of the full sky
(Haslom et al.1982)

- CHIPASS (Continuum map of the HI Parkes All-Sky Survey) at 1.4 GHz
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Hoinga — Does it have a radio counterparte

1.4 GHz image from the CHIPASS survey
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Fig. 8. 100 deg? of the region surrounding Hoinga as seen at 1.4 GHz by CHIPASS, after conversion from K to Jy beam™". The left panel shows the
original image, and the right panel shows the image after source-subtraction, discussed in Section 3.3. Hoinga is clearly visible as a crescent-moon
in the centre of the image, while Galactic cirrus and residuals around poorly-subtracted diffuse sources are visible in the surroundings. The bright
source in the north-west is Hydra A. Faint scan lines are visible from the Parkes observing strategy.

Relatively low radio surface brightness and its location at high gal. latitude prevented a previous radio discovery




Hoinga — Radio emission properties

Radio spectrum

Table 3. Integrated flux densities of Hoinga measured from the radio
data described in Section 3. Measurements were made on images where
contaminating sources and background had been removed, using the
software POLY_FLUX.

Survey

Frequency/ Resolution/ Flux density /
MHz !

GLEAM
GLEAM
GLEAM
GLEAM
Haslam
CHIPASS
SPASS

118 7.8 X 6.6

154 6.0 x5.0 100 + 20
185 5.0x4.2 90 + 18
215 4.2x3.6 80+ 16
408 51 60 + 10
1400 14.4 19.7+1.0
2300 8.9 1524 0.3

- indicates that non-thermal synchrotron emission
dominates the radio spectrum, consistent with a
shell-type SNR

Flux density (Jy)

Spectral energy distribution

a=-0.69 +0.08 for S, V&

S.cn,=26.85+0.03 Jy

02 05 10 20
Frequency (GHz)




Hoinga — a middle-aged SNR located at about 450 pc

0.3-2.3 keV - RGB -
° extent ~4.4° age ~17 kyr d ~450 pc

DECLINATION

Becker et al., A&A 648, A30 (2021)

35 30
RIGHT ASCENSION (2000)




eRASS:4 "New SNR in thel€ircinus region

- G321.3: 3.9

Khokhriakova & Becker;.in.prep.




G321.3-3.9

eRASS:4

0.7-1.1 keV Khokhriakova & Becker, in prep.




G321.3 - 3.9: eROSITA spectral analysis

— Total model

—— Background model
—— Source Model

+ Source data

-+ Background data
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G321.3-3.9: An SNR from a thermonuclear SN event

1 Illllll

pPa—

— Core-collapse SN yields

1 llIIlII
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10 12 14 16 18 20 22 24 26 28
Element Nr

Vink 2020




G321.3 — 3.9: Distance estimate from the X-ray spectral results

Ny~ (0.9 —1.9) x 10%! cm™*

Ny [em™2 /A, ] = 2.08 + 0.02 x 10%! cm

A,~(0.4 —0.9)
D~ (1.0 — 1.7) kpc
- SNR radius: 14 - 25 pc

- Density in the Galactic plane 1.11 £0.15cm?3

- SNR age: 14 — 70 kyrs (Leahy’s SNR sim.)

-2
(Zhu et al 2017)

Gaia dataset of Lallement et al. (2019)
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Vela & Friends: Vela Jr

-45° 30

0.7-0.8 keV ' 0.8:0.9 keV . 0.9-1.0 keV

DECLINATION

1.0-1.1 keV 1.1-1.2 keV & 1.2-1.3 keV

54 52 50 54 52 50 54 52 50
RIGHT ASCENSION (2000) RIGHT ASCENSION (2000) RIGHT ASCENSION (2000)
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Vela & Friends: Vela Jr geometrical centre and CCO PM

1.1-8.0 keV

30 arcmin
eRASS:4




Vela & Friends: Vela Jr

The CCO position is in 1.1-8.0 keV
excellent agreement with the
geometrical remnant centre —

obtained by fitting a circle to
the northern part of the

remnant

Circle radius: 1 degree

30 arcmin
eRASS:4




Vela & Friends: Vela Jr

But what’s about the somewhat 128 ol

elongated remnant shape?

» A not perfectly circular SN explosion?
* Inhomogeneities in the surrounding ISM?

30 arcmin
eRASS:4




Vela & Friends: Vela Jr

1.1-8.0 keV
The southern remnant part indeed fits
a second 44 arcmin radius circle!

Bi-annular structures in (at least some) SNRs
(see Manchester, A&A, 171, 205, 1987)

30 arcmin
eRASS:4




Vela & Friends: Vela Jr

1.1-8.0 keV
The southern remnant part indeed fits

a second 44 arcmin radius circle!

Could a second SN explosion have
formed the southern shell?

30 arcmin
eRASS:4




Vela & Friends: Vela Jr

- \ 1.1-8.0 keV

- There is a 2"4 compact object in the field!

PSR J0855-4644

t ~1.4 10° yrs, Edot=10%¢ erg/s, P=64 ms

DM (236.4 cm?3 pc) suggests a distance of 5.6 kpc

(cf. AFNT Pulsar database, Manchester et al., 2005)




In front of or behind the Vela Molecular Ridge?  eeAcero,etal, 2013)

NH from 12CO NH from HI 12CO+HI

longitude
266.0 2655 265
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Maps of the absorption column density, derived from the molecular gas (/eft panel), the atomic gas (middle panel), and the sum of the
two previous components (right panel) when integrating over radial velocities from —10 to 15 km s.
This specific velocity range provides an estimate of the absorption column for a source located just behind the Vela molecular ridge.




Vela Jr: In front of or behind the Vela Molecular Ridge? (seeAcero, etal, 2013)

Distance estimate from a comparison of column densities:

Total column absorption through the Galaxy towards the pulsar: Ny=1.65 x 10%2 cm~2
Column absorption between the observer and the back of the VMR is: Ny= 0.97 x 10?2 cm~2

Column absorption toward the SNR rim near the pulsar region: Ny=0.88%358 x 1022 cm2

Column absorption toward the pulsar: Ny= 0.64723% x 1022 cm~2

Column absorption toward the CCO: Ny=0.322%73:915 x 1022 cm~2

- Vela Jr is in front of the VMR, and the pulsar is closer to, or at the same distance as, Vela Jr.

- Pulsar distance d =900 pc (Acero, et al., 2013)

Ratio of neutral hydrogen (from X-ray spectral fits) to number of free electrons:

e.g. for PSR J1747-2958 and PSR 1757-24, which are located behind dense material: Ny/DM = 85 (40)

Typical values for other pulsars are of the order of 5 — 10

The value derived for PSR J0855-4644 is 8 + 1.5 (Acero, etal., 2013)




PSR J0855-4644: radio bow-shock

Maitra et al, 2018




PSR J0855-4644: radio bow-shock

Maitra et al, 2018

Velocity of the pulsar is estimated to be V ~100 km/s (Maitra et al, 2018)




PSR J0855-4644: X-ray bow-shock
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Maitra et al 2017 : CXC pulsar wind




Vela & Friends: Vela Jr

Distance between CCO and PSR Jo855-4644: ~0.74 deg

For Vela Jr at 1 kpc:

Vpsgr =100 km/s: It would require 1.26 x 105 yrs
to move from the position of
the CCO to its place in the shell

Would be in agreement with the pulsar’s spin-down age
but probably not in agreement with the lifetime of the SNR

Vpeg = 1000 km/s: 12.600 yrs

1.1-8.0 keV




Vela & Friends: Vela Jr

Distance between putative SN centre and PSR: ~0.5 deg

For distance of 1 kpc:

Vpsr =100 km/s: It would require ~85.000 yrs
to move from a putative 2" SN centre
to its position in the shell

Vpsr = 1000 km/s: ~8500 yrs

But the estimated PM directions don’t really support this

1.1-8.0 keV




Two Neutron Stars, Two Supernova Remnants?

Vela Jr, its CCO and PSR Jo855-4644

Conclusion:

= PSR J0855-4644 is at a distance comparable to Vela Jr
9

—> We badly need a more accurate radio PM measurement
—> to further constrain the PM direction and velocity of
- PSR J0855-4644

Currently, the numbers are not fully consistent with the idea of having 2 SNRs here

Maybe the ages are incorrect — a slim hope, | know, but stranger things have happened!
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MeerKAT:
237 new Galactic SNR candidates in the
SMGPS data (Anderson et al., 2025)

ASKAP:
~ 50 new Galactic SNRs & candidates
(Ball et al., 2025)

eRASS:
~ 30 new Galactic SNRs & candidates
(Becker, et al., 2026)




Is there a missing SNR problem?@

There are several possible reasons for this ,,missing SNR problem*:
SNRs may be too faint to be detected by current telescopes
SNRs may be obscured by interstellar dust
Some SNRs may have already dissipated into the ISM, making it difficult to distinguish them from other
types of emission or leaving no trace of their past existence.
The Core Collapse of very massive stars may not form an observable SN

The lifetime of SNRs is overestimated.... e.g., a lifetime of 30.000 yrs = ~ 600 SNRs are expected to be seen

eROSITA + synergies from MeerKAT & ASKAP provide a promising
window to explore known SNRs and to search for yet-undiscovered ones




Supernova Remnants Science with eROSITA
and the new MeerKAT and ASCAP radio surveys

Exciting times |
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TOPICS:
e Stars
e Compact Objects
e Supernova Remnants
e |SM and Galactic diffuse emission
e Population studies of galactic sources

Review talks by:

Christian Schneider, Yaél Nazé, Anna Watts,
Marta Burgay, Robert Fesen, Anne Decourchelle,
Steeve Body, Rainer Raupach, Mike Yeung,

Martin Mayer, Elias Kyritsis, Basu-Zych

Galactic Frontiers 2026: Advancing X-Ray
Astronomy in a Multiwavelength Universe

858. WE-Heraeus-Seminar

15 Jun - 18 Jun 2026 —
Where: Physikzentrum Bad Honnef

Scientific organizers: Prof. Dr. Werner Becker, MPI fur extraterr. Physik, Garching =
Prof. Dr. Manami Sasaki, Dr. Karl Remeis-Sternwarte, Friedrich-
Alexander-Universitat, Erlangen-Nurnberg

The proposed WE-Heraeus seminar “Galactic Frontiers 2026” aims to bring together
leading scientists and early-career researchers in the field of Galactic X-ray astronomy to
explore recent advances enabled by the eROSITA X-ray telescope. eROSITA's all-sky survey
provides an unprecedented dataset for studying both diffuse and point-like X-ray sources



