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Search for runaway stars in near and
historical core-collapse SNRs
→ conclusions about the nature of the
SNe and the evolution of their
progenitor systems

Up to now, most studies focussed on O-
and B-type runaway stars → Now we also
consider later spectral types

Using precise Gaia astrometry
→ More candidates, smaller errors

This way we should find all nearby
runaway stars and constrain their
production rate

If a neutron star is known, we could
determine its kinematic age

SNR S147, Dinçel et al. 2015

Vela, apod.nasa.gov / Marco Lorenzi
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Runaway stars
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Production mechanisms:
I Dynamical ejection (Poveda et al. 1967)
I Ejection from a binary system after

a SN (Blaauw 1961)

Velocities (25 . vpec . 1000) km/s
(Tetzlaff PhD, U Jena)

Different directions compared to the bulk
motion of stars

Walkaway stars: Binary SN ejection with
vpec . 25 km/s

Hypervelocity stars: Higher velocity,
accelerated by dynamical interaction with
Sgr A∗

Tetzlaff PhD, U Jena
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Previous work
Introduction

Hoogerwerf et al. (2000, 2001):
→ Traceback of 56 runaway star trajectories from Hipparcos data
→ Suggested common origin of ζ Oph and PSR B1929+10, falsified by later works
Update: ζ Oph connected with PSR B1706−16 and the SN that ejected 60Fe
found in the earth crust (Neuhäuser, Gießler, Hambaryan 2019)
→ Suggested common origin of AE Aur, µ Col and ι Ori

Tetzlaff et al. (2009–2014)
→ Determination of kinematic ages of 18 young neutron stars from
OB-associations and runaway stars

Dinçel et al. (2015):
→ Association between HD 37424 and PSR J0538+2817 in SNR S147

Boubert et al. (2017)
→ Bayesian runaway probabilities of stars in 10 northern SNRs from Gaia-data
→ 3 good candidates (inkl. HD 37424)

Renzo et al. (2019)
→ Population synthesis of massive binaries →∼ 67 % of all binaries eject the
secondary; ∼ 95+2

−14 % of all ejected MS-companions are Walkaway stars
(vpec ≤ 30 km/s)
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Candidate selection SNRs
Sample selection

We want to find runaways from core-collapse SNe, down to the latest
possible spectral types

Distance limit from limiting magnitude of VLT/UVES: m = 19 mag
For d ≈ 500 pc: Spec. types M1 − M2
→ 5 SNRs
Plus Monoceros Loop, d = 0.6− 1.6 kpc
Plus 3 historical SNRs, age exactly known
SNR data taken from catalogs from Green (2009, 2014)
→ e.g. Geometrical center coordinates
and U Manitoba (Ferrand & Safi-Harb 2012)
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Candidate selection SNRs
Sample selection
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Vela, Vela Jr., Lupus Loop, Cygnus Loop, HB9,
Monoceros Loop
Historical: Cas A, 3C58 (SN 1181), SN 393

Cassiopeia A, Multi-wavelength
(Spitzer, HST, Chandra)
NASA / JPL-Caltech

3C58, Chandra X-ray
NASA/CXC/SAO

Vela region, X-ray
MPE Garching Cygnus Loop, GSH Hα, U Jena



Candidate selection runaways
Sample selection

Stellar positions, proper motions and parallaxes from Gaia

Maximum runaway velocity 1280 (550) km/s for stars with
0.9 (10) M� (Tauris 2015), but much smaller on average
Estimation of a search radius with vmax = 1000 km/s
→ rsearch = 3.49× age[yr]

dist[pc] arcmin
Gaia parallax has to be consistent with
the distance of the SNR
Tracing back the trajectories of the stars
→ Candidate, if position at the time
of the SN is within the error range of
the geometrical center, or of an
associated neutron star
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Monoceros Loop
Sample selection
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GSH Hα, Uni Jena

Diameter 220 arcmin

Distance 1100± 500 pc

Age 90000± 60000 yr

No associated PSR
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Vela (XYZ)
Sample selection
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Diameter
255 arcmin

Distance
275± 25 pc

Age
18000± 9000 yr

PSR characteristic
age 11300 yr



Vela (XYZ)
Sample selection
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ESO-DSS Red

Geometric center and
error ellipse

Vela PSR.
x: current position,
�: Position at time of SN
with error ellipse

Gaia DR2 candidate

Star A from Fraser &
Boubert (2019) (Gaia
DR2)



G347.3−00.5 from SN 393
Sample selection
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ESO-DSS Red

Diameter 65× 55 arcmin

Distance 1300± 400 pc

Age 1626 yr

10 runaway candidates
from Gaia DR2



Observations of runaway candidates
Observations
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High-resolution spectroscopy
Up to now: Observations of
runaway candidates in 7 SNRs with
VLT/UVES (Chile, South) and
Subaru/HDS (Hawaii, North)
Selected from Gaia DR1 TGAS
(distance limit 1.6 kpc); fainter
stars from DR2 are yet to be
observed

Wikimedia Commons / ESO (top); Denys (bottom)



Spectral properties of runaway stars
Observations

(Re)determination of the spectral type
For FGKM-stars: Lithium 6708 Å as
indicator for a low age
Exclude additional absorption lines,
which would indicate that the star lies
in the background
Radial velocity: Consistent with
motion away from the SNR center?
Rotational velocity: Mass transfer?
Later: SN debris in the stellar
atmosphere (heavy- and α elements)
→ clear proof
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Spectra
Analysis

VLT: Observations of 33 candidates in 5 SNRs → Lithium detected in 5
stars, among which 4 can be excluded as giants → 1 good candidate
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No Lithium

Monoceros 1

K4 giant

K7 giant



Spectra - Parameter fits with iSpec
Analysis

Wavelength range 6035 - 7003 Å
Fitting of model spectra to Fe, Ca, Si
and Ni lines to determine the
atmospheric parameters (temperature,
surface gravity, metallicity, micro- and
macroturbulence, rotational velocity)
Radial velocity vr measured with iSpec,
Li equivalent width (EW) with IRAF
splot

CaI 6122 Å

Star Teff / K Li EW / Å Li log(N) vr / km/s vspace / km/s
Monoceros 1 7138± 397 0.031± 0.014 2.67+0.15

−0.27 22.27± 0.41 25.69± 0.43

Spectral type F0 – F3 from Teff according to Pecaut & Mamajek 2013
→ very uncertain, comparison to reference stars yields F1 – F2
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Comparison to cluster ages
Analysis
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Curves (fitted to dots):
Teff vs. Li EW for
clusters of different ages

Rectangle: Teff and
Li EW ranges for our Li
candidate

Comparison to cluster
ages (Mamajek) yields
90− 250 Myr → too old
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Lithium abundances and applicability
Analysis
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Soderblom et al. (1993)

Not applicable to
Monoceros 1 with
SpT F1−2
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Monoceros Loop
Analysis
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GSH Hα, Uni Jena

Runaway candidates consistent
with movement away from the
SNR center

Monoceros 1:
I Li EW = 0.031+0.014

−0.012 Å
I Teff = 7138± 397 K
I SpT ∼ F1
→ No conclusive age
estimate possible from Li

HD261393 (Boubert et al.
2017) → consistent with beeing
a runaway

+11 further cands. observed in
ESO P100



Summary

Search for runaway stars in 9 SNRs; selection of runaway candidates from
Gaia data and spectroscopic observations with VLT and Subaru

Vela (XYZ): 1 DR2 candidate near PSR yet to be observed, Fraser cand.
too faint for spectroscopy
Vela Jr.: Many uncertain cands. (PSR proper motion unknown)
Monoceros Loop: 13 cands., 1 early-F with Li, 1 from Boubert et al.
(2017)
HB9: No cands. in vicinity of PSR
Cygnus Loop: 5 DR2 cands., yet to be observed
Lupus Loop: 2 DR2 cands., yet to be observed
Cassiopeia A: No cands.
3C58: No cands. in vicinity of PSR
SN 393: 6 DR2 cands. (G < 17.0), yet to be observed
⇒ Total: 27 cands.
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Future work

Proposals for remaining Gaia DR2 candidates submitted

Currently: Lux et al. in prep.

Kinematic analysis of the candidates → trace back 3D trajectory (incl. RV)

If candidates can be verified, redermination of the SNR parameters (age,
distance, expansion velocity) and the pre-SN binary properties

For future searches: Careful re-determination of the explosion sites – biggest
uncertainty!
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Thank you
for the attention!



Atmospheric parameters

Metallicity always assumed as Fe/H = 0 (solar)
Teff can be compared to Gaia DR2 → Consistent, but precision not
higher

Star Teff/K log(g) vmic
t /km/s vmac

t /km/s vrot × sin(i)/km/s
Sun 5973± 81 4.66± 0.24 0.84± 0.26 2.2± 0.7 2.5± 0.6
lit. 5771 4.44 1.07 4.21 1.60
Monoceros 1 7138± 397 3.5± 1.4 2.9± 1.3 14.2± 7.8 8.9± 9.8
Gaia 7079± 232
Vela 1 5960± 215 4.3± 1.0 1.0± 0.6 0 0
Gaia 5853± 100
Vela 2 6117± 236 4.9 1.3± 0.3 2.4± 15.7 13.3± 3.3
Gaia 5614± 228
Vela Jr 1 6476± 205 4.7± 0.7 1.2± 0.6 0 0
Gaia 6061± 192
Vela Jr 2 6058± 171 4.3± 0.8 1.2± 0.5 1.4± 4.8 0
Gaia 5806± 77
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